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INTRODUCTION
When microorganisms are grown on various

media, certain metabolites act as key intermedi-
ates in catabolic and anabolic processes. Glyox-
ylic acid appears to occupy such a position during
the growth of Escherichia coil on short-chain fatty
acids. Numerous investigations, many of them in
our laboratories, have been carried out to deter-
mine the relationship between glyoxylate and fatty
acid metabolism.
These studies were initiated by the discovery of

isocitrate lyase by Smith and Gunsalus (179) and
malate synthase by Wong and Ajl (221). The
simultaneous action of these two enzymes pro-
duces a cyclic mechanism, the glyoxylate bypass
(97); this mechanism serves to replenish C4 acids
drained from the tricarboxylic acid cycle for cel-
lular biosynthesis when microorganisms are
grown on acetate.
The central role of glyoxylate during the growth

of microorganisms on acetate is now well docu-
mented. For the past several years, we have at-
tempted to assess the importance of this metabo-
lite during growth of E. coli on other short-chain

fatty acids. These studies disclosed a series of new
reactions involving condensations of glyoxylate
with various short-chain fatty acid acyl-coenzyme
A (CoA) esters. This review summarizes the
metabolic pathways initiated by these condensa-
tion reactions, the regulation of condensing-
enzyme formation, and the proposed significance
of these pathways. It is not the primary aim of
this presentation to review all of the literature
concerning glyoxylate-fatty acid interactions; in-
stead, it is our intention to emphasize and to
bring up to date the findings concerning the re-
lationship between glyoxylate and fatty acid me-
tabolism. For this reason, the reader will find
more than the usual amount of experimental de-
tail included in this paper.

ROLE OF GLYOXYLATE DURING
GROWTH ON ACETATE

Physiological Significance and Regulation
of the Glyoxylate Bypass

For more than 50 years, the mechanism by
which microorganisms utilize acetate as the sole
carbon source during growth remained unex-
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FIG. 1. Glyoxylate cycle.

plained. Growth cannot occur on acetate if the
C4 acids drained from the tricarboxylic acid cycle
for biosynthetic reactions are not replenished.
When anaerobic microorganisms grow on acetate,
C4 acids may be formed via successive carboxyla-
tion of C2 compounds (4, 8, 134, 192-194, 219,
223); however, in aerobic microorganisms, such
reactions cannot satisfy the C4 requirement, and
the intermediates are synthesized by the operation
of the glyoxylate cycle (97).
The glyoxylate bypass is a shunt of the tricar-

boxylic acid cycle and consists of two enzymes,
isocitrate lyase and malate synthase. Isocitrate
lyase (20, 138, 173, 179) catalyzes the reversible
aldol cleavage of D.(+) isocitrate to succinate
and glyoxylate. Malate synthase (221) catalyzes
the condensation of glyoxylate with acetyl-CoA
to form malate. The net effect of the glyoxylate
cycle (Fig. 1) is the formation of 1 mole of C4
acid from 2 moles of acetate. The investigations
which led to the formulation of the concept of
the glyoxylate bypass have been summarized
previously (3, 85, 94, 108, 109).
The glyoxylate bypass has been demonstrated

in a variety of microorganisms (94). This mecha-
nism has also been described inmore recent studies
of bacteria (32, 53, 93, 126, 128, 160, 196, 220),
fungi (40, 80, 161, 197, 217), algae (27, 55, 60, 62,
63, 72, 133, 151, 190), protozoa (65, 117, 152),
nematodes (163-165), and plant tissues (11, 16,
17, 23, 64, 73, 75, 124, 136, 175, 176). The opera-
tion of the glyoxylate cycle has not been demon-
strated in animal tissues, although one enzyme of
the bypass, malate synthase, was reported in the
rat liver (47).

In the last few years, we have begun to under-
stand the factors regulating the glyoxylate bypass
(86, 88-92, 147). The operation of the glyoxylate
cycle is controlled mainly by the regulation of
isocitrate lyase, the first enzyme of the bypass.
As noted previously, the isocitrate lyase reac-

tion is reversible, but the equilibrium favors
isocitrate cleavage rather than isocitrate synthesis.
The physiological significance of the reversible

nature of the reaction has not been demonstrated,
but it is conceivable that, under certain conditions
(i.e., when the cell has a readily available source
of glyoxylate), the enzyme may act in the direction
of isocitrate synthesis. In the following discussion,
the regulation and significance of the cleavage
reaction are considered.

Isocitrate lyase is regulated in a crude manner
by control of enzyme synthesis or more finely by
control of enzyme activity. Initially, acetate was
thought to directly induce isocitrate lyase forma-
tion, since high enzyme activity was apparent
only during growth on acetate or acetate pre-
cursors. Kornberg (87), who studied enzyme
induction in a citrate synthase-less mutant of E.
coli, indicated that this is not the case. When this
E. coli mutant was grown in a proline or gluta-
mate medium, the addition of acetate did not
stimulate isocitrate lyase formation. Therefore,
Kornberg proposed that acetate does not directly
induce isocitrate lyase but rather acts to derepress
enzyme synthesis by removal of a repressor close
to oxalacetate. Two isocitrate lyase enzymes are
formed by Neurospora crassa (177); one enzyme
is derepressed by acetate, whereas the other
enzyme is constitutive.
By use of a variety of metabolic mutants,

Kornberg showed that, in E. coli, phospho-
enolpyruvate (PEP) is a repressor of isocitrate
lyase (88, 91, 92); however, it is likely that enzyme
synthesis is also controlled by metabolites other
than PEP. In Mima polymorpha (12), acetate
inducedisocitratelyase in succinategrowth media;
furthermore, succinate itself appeared to weakly
induce enzyme formation. Similar findings have
been reported for Achromobacter (162) and Pseu-
domonas indigofera (127). In Tetrahymena pyri-
fomris (117), the control of isocitrate lyase was
very sensitive to changes in the culture. When
this organism was grown aerobically in peptone
media, the level of isocitrate lyase was low;
enzyme activity was only slightly increased by
subsequent aerobic incubation in acetate media.
In contrast, incubation under static conditions
resulted in high enzyme activity, and, in the latter
cultures, the addition of acetate did not further
promote enzyme formation. Thus, it appears
that, in Tetrahymena, the levels of intracellular
metabolite repressors of isocitrate lyase are con-
trolled more by changes in the conditions of the
cultures, particularly the oxygen content, than by
the presence of acetate.
One must exercise caution, therefore, in

attempting to generalize about the regulation of
the glyoxylate bypass. It is likely that multiple
regulatory controls exist for both isocitrate lyase
and for malate synthase and that different or-
ganisms will be shown to exhibit different
regulatory behaviors.
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Phosphoenolpyruvate is not only thought to
be a repressor of isocitrate lyase formation but
it also has been reported to inhibit the activity
of this enzyme noncompetitively when assayed
in cell-free extracts of acetate-grown E. coli (6).
Data obtained by use of mutants lacking PEP
carboxylase or PEP synthase suggest that PEP
also inhibits enzyme activity in vivo (91). When
the mutant which is incapable of carboxylating
PEP to oxalacetate was grown on acetate, the
addition of pyruvate to the medium resulted in
cessation of growth. Under these conditions, PEP
accumulation was considered to inhibit isocitrate
lyase activity and thus to arrest the utilization of
acetate for growth. In contrast, cultures of PEP
synthase-less mutants, which lacked the ability
to form PEP from pyruvate, continued to grow
on acetate after the addition of pyruvate.
The in vitro inhibition of isocitrate lyase by

PEP appears to be influenced by the nature of the
buffer employed for enzyme assay. Preliminary
experiments (R. Rabin, H. C. Reeves, and S. J.
Ajl, unpublished data) suggest that, although PEP
is a powerful inhibitor of isocitrate lyase purified
from P. aeruginosa assayed in imidazole buffer,
PEP only weakly inhibits enzyme activity in
phosphate or tris(hydroxymethyl)aminomethane
(Tris)-chloride buffer. Rao and McFadden (145)
reported that, in addition to PEP, several other
phosphorylated compounds also inhibit isocitrate
lyase. When the purified enzyme obtained from
P. indigofera was assayed in Tris-chloride buffer
at an inhibitor concentration of 1 mm, PEP,
fructose-1,6-diphosphate, and 3-phosphoglyceric
acid inhibited isocitrate lyase at rates of 20, 19,
and 25%, respectively. In addition, a number of
dicarboxylic acids, including succinate, maleate,
itaconate, glycolate, and oxalate, also inhibited
enzyme activity (145). Further studies by Reeves
and Ajl (unpublished data) suggest that phospho-
creatine, uridine diphosphoglucose, and gua-
nosine monophosphate also inhibit isocitrate
lyase. A number of other phosphorylated com-
pounds were tested, but they proved to be non-
inhibitory.

Less is known about the regulation of malate
synthase. In E. colt and Pseudomonas sp. malate
synthase is repressed by products of glucose
catabolism and by growth on tricarboxylic acid
intermediates, but the degree of repression is less
severe than for isocitrate lyase (86, 94). The
factors which regulate enzyme activity are un-
known. As in the case of isocitrate lyase, however,
it is difficult to generalize about the regulation of
malate synthase, since the degree of fluctuation
in the activity of this enzyme varies considerably
in different organisms.
The mechanism of the malate synthase reaction

was studied recently by Eggerer and Klette (36).

Essentially, the enzyme catalyzed the enolization
of acetyl-CoA and the hydrolysis of malyl-CoA.
The enolization of acetyl-CoA was dependent on
Mg++ or other divalent ions and was greatly
stimulated by glyoxylate or other ca-ketoacids.
In the natural system, the acetyl-CoA carbanion
immediately reacted with the carbonyl group of
the glyoxylate-Mg+-enzyme complex to form
enzyme-bound malyl-CoA, which was then hy-
drolyzed to the free acid. No acetyl-enzyme was
formed between acetyl-CoA and malate synthase.
Two malate synthase enzymes have been

demonstrated in E. coli (38, 39, 203-205); one
enzyme is formed during growth on acetate, and
the other enzyme is formed during growth on gly-
colate. This is of interest since malate synthase
has an anaplerotic function in the glyoxylate
bypass but a respiratory function in the dicar-
boxylic acid cycle during growth on glycolate
(86).
The malate synthase formed during growth on

acetate appeared to be controlled by a derepres-
sion mechanism, whereas the enzyme formed
during growth on glycolate may be induced by
glyoxylate (203). An interesting observation
relevant to this concept was made in Rhizopus
nigricans (218). When this fungus was grown
in a glucose medium and then transferred to
either an acetate or a glycolate medium, malate
synthase was induced. The addition of Zn++ to
the acetate medium markedly facilitated enzyme
induction but did not stimulate enzyme formation
in the glycolate medium. This metal may stimu-
late growth of Rhizopus via a primary effect on
RNA synthesis (216). In addition Zn+ was
shown to relieve glucose repression and to stimu-
late acetate derepression of isocitrate lyase for-
mation (217). It is proposed that (i) Zn stimu-
lates acetate derepression of malate synthase
formation by facilitating the utilization of re-
pressor metabolites, and (ii) the fact that Zn
does not stimulate enzyme formation in glycolate
media suggests that glyoxylate induction is not
accomplished by a similar mechanism. In
Rhizopus (218), as in E. coli (39), the malate
synthase enzymes formed during growth on gly-
colate and acetate, respectively, can be dif-
ferentiated by the rate of thermal inactivation.

CONDENSATIONS OF GLYOXYLATE WITH
OTHER SHORT-CHAIN FATrY AciDs

Elucidation of the Condensation Reactions
Attempts have been made to determine whether

dicarboxylic acids having higher molecular
weights than malic acid are formed by reactions
analogous to that catalyzed by malate synthase.
The condensations studied are shown in Fig. 2.
The first reaction, that of glyoxylate with acetyl-
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FIG. 2. Condensation ofglyoxylate with a series ofshort-chain fatty acid acyl-CoA esters.

CoA to form malate, was discussed. The con-

densation of glyoxylate with propionyl-CoA to
form a-hydroxyglutarate was first demonstrated
in extracts of propionate-grown E. coli (148).
This product was identified as the free acid by
paper chromatography (154) and as the lactone
derivative by thin-layer chromatography (14).
An interesting aspect of this condensation con-

cerns the reaction mechanism. If a-hydroxy-
glutarate is the initial product, then glyoxylate
must condense with the /3-carbon of propionyl-
CoA. However, a 3-carbon condensation is less
likely chemically than is an a-carbon con-
densation. Condensation of glyoxylate with the
a-carbon of propionyl-CoA would yield /-methyl-
malate. Under the conditions employed, however,
this product was not detected; furthermore,
neither /3-methylmalate, /3-methylmalate plus
CoA.SH and ATP, nor /-methylmalyl-CoA was
metabolized to a-hydroxyglutarate (154). These
findings were confirmed recently by Trop and
Pinsky (195).

It is possible, however, that the condensation
of propionyl-CoA with glyoxylate may proceed
in a manner analogous to that of fatty acid bio-
synthesis (153). For example, propionyl-CoA may
condense with glyoxylate by an a-carbon con-
densation mechanism to yield /3-methylmalate
as a protein-bound intermediate. This protein-
bound /3-methylmalate may isomerize to form
protein-bound a-hydroxyglutarate, and this sub-
stance may then be released as the free acid.
The next condensation reaction shown, that

of glyoxylate with butyryl-CoA to form /-ethyl-
malate, was first demonstrated in extracts of P.
aeruginosa grown in butyrate-mineral salts media
(142). Subsequently, it was shown that E. coli
also catalyzes this reaction. /3-Ethylmalate is the
product of an a-carbon condensation and has
been identified by paper chromatography as both
the free acid and the 5-ethyluracil derivative.

The last reaction shown is the condensation of
glyoxylate with n-valeryl-CoA to form /3-n-pro-
pylmalate (66). This product was demonstrated
by use of extracts of valerate-grown E. coil and
was identified by paper chromatography as the
free acid; it is also the product of an a-carbon
condensation.
The condensations of glyoxylate with pro-

pionyl-, butyryl-, and valeryl-CoA are analogous
to that catalyzed by malate synthase, but several
important differences should be noted. First, the
activities of a-hydroxyglutarate and /3-ethylmalate
synthase formed during growth on propionate
and butyrate, respectively, are considerably lower
than the activity of malate synthase found in
acetate-grown cells. Moreover, growth on pro-
pionate and butyrate also results in high activity
of malate synthase, suggesting that these sub-
strates may be metabolized principally via acetate
(209). The formation of these synthase enzymes
during growth on valerate will be considered later.
There is indirect evidence (143) that these con-
densation products are formed as acyl-CoA or
protein-bound esters which yield free acids by
hydrolysis rather than as free acids themselves.
The technique of differential heat inactivation

was used to determine whether these condensation
reactions are catalyzed by a single enzyme pos-
sessing broad fatty acid acyl-CoA specificity.
The reactions were assayed by measuring the
respective fatty acid acyl-CoA-dependent utiliza-
tion of "4C-glyoxylate (210). The respective
activities exhibited markedly different rates of
thermal inactivation (211) when crude enzyme
extracts of valerate-grown E. coli were used.
In addition, malate and /3-n-propylmalate syn-
thases were formed under growth conditions in
which a-hydroxyglutarate and /3-ethylmalate
synthase activity can not be detected (211). These
data suggest that the condensations are not
catalyzed by a single enzyme possessing a single

¶OOH

CHO
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FIG. 3. Further metabolism ofa-hydroxyglutarate.

catalytic site; however, the data do not preclude
the possibility of two or more enzymes possessing
multiple catalytic sites.

FURTHER METABOLISM OF THE
CONDENSATION PRODUCTS

a-Hydroxyglutarate

a-Hydroxyglutarate may be metabolized by at
least two alternate pathways (Fig. 3). The first
pathway involves a decarboxylation of a-hy-
droxyglutarate to form succinic semialdehyde
(155), which is further oxidized to succinate.
Succinate may also be formed from a-hydroxy-
glutarate via an NAD-dependent oxidation of
a-hydroxyglutarate to a-ketoglutarate. Attempts
to demonstrate the formation of a-ketoglutarate
from a-hydroxyglutarate in E. coil have been
unsuccessful, but this reaction was demonstrated
in Rhodopseudomonas spheroides (137).
A second pathway for the metabolism of a-

hydroxyglutarate involves an isomerization fol-
lowed by aldol cleavage. Early experiments
showed that incubation of a-hydroxyglutarate,
CoA.SH, ATP, and extracts of propionate-grown
E. coil resulted in the formation of acetate plus
lactate (149). This result was clarified by the
finding that the above extracts catalyzed the for-
mation of citramalic acid (a-methylmalate) from
glyoxylate and propionyl-CoA (143). Citramalyl-
CoA is known to be metabolized to acetate plus
pyruvate by aldol cleavage (28). It was proposed
that a-hydroxyglutarate is isomerized to citra-
malate and then cleaved to pyruvate and acetate.
In the crude extracts employed, pyruvate prob-
ably was reduced to lactate. It is likely that this

enzymatic sequence involved acyl CoA-ester
intermediates rather than free acids. In these
reactions, the L (+) isomer, but not the D (-)
isomer, of a-hydroxyglutarate was biologically
active.
An interesting aspect of the latter pathway is

the further metabolism of lactate itself. Extracts
of propionate-grown E. coli catalyzed the con-
version of lactate, as the acyl-CoA ester, to hy-
droxypyruvic aldehyde (150). Pyruvyl-CoA (129)
appeared to be an intermediate in this sequence.
Subsequently, hydroxypyruvic aldehyde was
metabolized to 1, 3-diphosphoglyceric acid (150).
The latter reaction was accomplished by
glyoxylase I and II, phosphoglycerokinase, and
3-phosphoglycerokinase. Although the signifi-
cance of these reactions has not been assessed,
such a pathway may be important for cellular
biosynthesis during growth on substrates metab-
olized via lactate.

f3-Ethylmalate
/3-Ethylmalic acid is the product of the con-

densation of glyoxylate with the a-carbon of
butyryl-CoA (142). The further metabolism of
this substance is diagrammed in Fig. 4. a-Ethyl-
malic acid is also formed when glyoxylate and
butyryl-CoA are incubated with extracts of P.
aeruginosa and when 3-ethylmalic or ethylmaleic
acids are used as substrates (141, 144). The trans
isomer, ethylfumaric acid, is not enzymatically
hydrated. Two pairs of racemates of 3-ethylmalic
acid, threo and erythro, are formed during
chemical synthesis (144). Both pairs have been
separated, crystallized, identified by NMR analy-
sis, and tested as substrates for enzymatic isom-
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erization and oxidation. Only one racemate,
the DL-erythro-/3-ethylmalic acid, is biologically
active (R. Rabin, unpublished data).

It was originally thought that ,3- and a-ethyl-
malic and ethylmaleic acids were metabolized as
CoA esters (143). However, the ease with which
ethylmaleic acid is hydrated, the inability of the
CoA thiol ester of 0-ethylmalic acid to be oxidized
(whereas the free acid is readily oxidized), and
the formation of free a-ethylmalic acid from
acetyl-CoA and a-ketobutyrate argue against
involvement of CoA esters of these compounds
as substrates. O3-Ethylmalic acid is oxidized to
a-ketovalerate by an NAD-linked dehydrogenase
which requires Mg++ or Mn++ and K+ and is
optimally active at pH 9.0 (144).
These reactions are not unique for a- or

(3-ethylmalate but are similar to the reactions
which occur during leucine biosynthesis (18, 56,
74, 187, 207). Experiments on cofactor require-
ments, heat inactivation, and gel electrophoresis
indicate that the oxidation of j3-ethylmalate to
a-ketovalerate is probably catalyzed by (-iso-
propylmalate dehydrogenase. Similarly, the for-
mation of a-ethylmalate by the condensation of
acetyl-CoA with a-ketobutyrate appears to be
catalyzed by a-isopropylmalate synthase. This
conclusion is based on the observed strong inhibi-
tion of the condensations by L-leucine, failure to
demonstrate reversibility with free a-ethylmalic
acid, and incomplete specificity of the reaction
with respect of a-keto acid substrates. Although
the conversion of j3- to a-ethylmalate has not

been examined in detail, this reaction also appears
to be similar to the isomerization of 1- to a-iso-
propylmalate. In both instances, only the cis
isomer of the unsaturated acid is hydrated to the
a-substituted malic acid, and the apparent equilib-
rium favors the formation of the a-substituted
compound rather than the 3-substituted com-
pound. These findings (144) suggest that ethyl-
substituted malic acids are metabolized by
enzymes which are very similar, if not identical,
to those of the leucine pathway.

It is also of interest that 3-n-propylmalate is
formed from the enzymatic condensation of
glyoxylate with valeryl-CoA (66), and a-n-pro-
pylmalate results from the condensation of acetyl-
CoA with a-ketovalerate (188). These findings
indicate that a metabolic relationship may exist
between the a- and 3-n-propylmalic acids which
is similar to that found between the a- and (3-

ethylmalic acids. f3-n-Propylmalate may be metab-
olized to cis-enol oxalactate, but the inter-
mediates in this conversion are unknown (67).
Although these observations do not define the

role of the ethylnalic acids in bacterial metab-
olism, Ingraham et al. (69) suggested that the
following reactions form part of the pathway of
n-butyl alcohol formation by glucose-fermenting
yeast: acetyl-CoA + a-ketobutyrate -+ a-ethyl-
malate O-ethylmalate a-ketovalerate. a-

Ketovalerate then is decarboxylated and reduced
to form n-butyl alcohol by well-known reactions.
By a similar process, higher alcohols, such as
n-amyl and isoamyl, are also formed (25, 59, 68,

a-Ketobutyrate

+
Acetyl-CoA

¶1OOH

+ H20 2(OH)-C2H5
lH2

COOH
a-Ethylmalate
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TABLE 1. Formation of condensing enzymes during
growth on short-chain fatty acidsa

Specific activity,

Carbon source a-Hydrox- a-Ethyl- P-n-
Malate yglu- mlt Propyl-
synthase tarate synthase malte

synthase synthase

Acetate . . 63.2 -c c 12.9
Propionate. . . 59.6 5.9 4.2 13.1
Butyrate . . .. 61.2 5.6 6.2 15.2

a E. coli E-26 was cultured as indicated and was
assayed for the various glyoxylate-condensing
enzymes. From Wegener et al. (209).

b Measured as mlmoles of glyoxylate-1-14C uti-
lized per 15 min per mg of protein.

c No activity detectable.

206). In the intact rat and in rat-liver homog-
enates, a-ketovalerate is metabolized to butyrate
and then to acetate (78). Significant formation of
n-butyl alcohol and the higher alcohols would not
be expected in P. aeruginosa. Thus, the metabolism
of (3-ethylmalate and perhaps of f3-n-propylmalate
may merely reflect a broad specificity of the
enzymes of the leucine pathway, a characteristic
that may be of relatively minor consequence in
nonfermentative metabolism. On the other hand,
it is also possible that fl-ethylmalate is a precursor
of the amino acid norvaline. Norvaline is catab-
olized by both yeast (206) and the rat (78), and,
under certain conditions, it may serve as a sub-
strate for endogenous metabolism in bacteria
(33, 130).

FACTORS REGULATING FORMATION OF THE
GLYOXYLATE-CONDENSING ENZYMES

Effect of Carbon Source on Formation of the
Condensing Enzymes

Unlike malate synthase, which is induced by
growth on acetate, the other condensing enzymes
are not induced by their respective fatty acid
substrates (209). Growth of E. coli on propionate
or butyrate results in the formation of all of the
described enzymes (Table 1). Although such
conditions effect high activity of malate synthase,
only low activities of a-hydroxyglutarate,
,B-ethylmalate, and f-n-propylmalate synthases
are formed. If these enzymes were induced by
their respective fatty acid substrates, one would
expect that, during growth on propionate or
butyrate, malate synthase would be induced by
acetate, since propionate and butyrate probably
are metabolized via this substrate. However, one
would expect a-hydroxyglutarate synthase, not
,3-ethylmalate or,-n-propylmalate synthase, to
be formed during growth on propionate, since

it is unlikely that growth on this substrate results
in appreciable accumulations of butyric or valeric
acids. Similarly, one would expect O-ethylmalate
synthase, not a-hydroxyglutarate or 0-n-propyl-
malate synthase, to be formed during growth on
butyrate.
When cells are grown on acetate, a-hydroxy-

glutarate and (-ethylmalate synthase activity
cannot be detected, but such conditions do result
in malate and ,B-n-propylmalate synthase activ-
ity. It is not clear why growth on propionate or
butyrate, but not on acetate, results in the for-
mation of low activities of a-hydroxyglutarate
and,-ethylmalate synthases. It is possible that
growth on the former substrates gives rise to a
small percentage of mutant cells which possess
high activities of these enzymes. The low activity
of (3-n-propylmalate synthase formed under all
of these conditions may represent a constitutive
level of enzyme formation.

In contrast to propionate and butyrate, growth
of E. coli on valerate results in high activity of
a-hydroxyglutarate synthase (Table 2). Growth
on caproate, which would be expected to be
metabolized by (-oxidation to acetate plus butyr-
ate, resulted in enzyme activity comparable to
that found on butyrate, whereas growth on hepta-
noate, which would be expected to be metabolized
by ,B-oxidation to acetate plus valerate, was
similar to growth on valerate (209).

Selection of Constitutive Mutants During
Growth on Valerate

Since growth on valerate results in high activity
of the glyoxylate-condensing enzymes, it was of

TABLE 2. Effect of carbon source on formation
ofa-hydroxyglutarate synthasea

Specific
activity ofCarbon soure ca-hydroxyglutarate
synthaseb

Glucose........................ C

Succinate....................... _ C

Lactate......................... C

Acetate......................... _ C

Propionate ..................... 4.7
Butyrate........................ 4.3
Valerate........................ 48.1
Caproate....................... 6.1
Heptanoate..................... 42.6

aE. coli E-26 was cultured as indicated and
assayed for a-hydroxyglutarate synthase. From
Wegener et al. (209).

b Measured as mymoles of glyoxylate-1-14C uti-
lized per 15 min per mg of protein.

c No activity detectable.
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TABLE 3. Effect of cell type on formation of
ai-hydroxyglutarate synthasea

Carbon source

Acetate

Propionate

Glucose

Cell type

E-26
E-26V

E-26
E-26V

E-26
E-26V

Specific activity,

Malate
syn-
thase

63.9
64.5

60.7
61.1

48.7
50.1

a-Hy-
droxy-
gluta-
rate
syn-
thase

39.1

4.1
45.6

#-Ethyl-
malate
syn-
thase

41.6

3.0
39.6

29.6 22.3

fl-n-
Propyl-
malate
syn-
thase

12.9
58.7

10.7
56.6

3.2
45.1

a E. coli E-26 and E-26V were cultured as indi-
cated and were assayed for the various glyoxylate-
condensing enzymes. From Wegener et al. (209).
bMeasured as mumoles of glyoxylate-1-14C uti-

lized per 15 min per mg of protein.
¢ No activity detectable.

interest to determine whether this fatty acid in-
duced enzyme formation or whether such growth
conditions resulted in the production of a mutant
population. The data shown in Table 3 indicate
that the latter possibility is true. Wild-type E. coli
E-26 was employed in these studies; E-26V was
derivedfrom E-26 by culture in a valerate medium.
In contrast to E-26, E-26V showed high activities

of a-hydroxyglutarate, /3-ethylmalate, and 3-n-
propylmalate synthases when cultured in acetate,
propionate, or glucose media. Extensive subcul-
ture of E-26V in complex media did not result in
a loss of the capacity to form these enzymes. It is
proposed that growth of E. coil on valerate results
in the formation of a mutant strain (E-26V) which
is permanently derepressed with respect to for-
mation of a-hydroxyglutarate, 3-ethylmalate,
and [-n-propylmalate synthases.

E-26 and E-26V form equal activities of malate
synthase; earlier studies (146) indicated that this
enzyme is constitutive in E. coli E-26. These
studies also suggested that there may be two
#-n-propylmalate synthases; one may be asso-
ciated with a constitutive malate synthase,
whereas the other may be coordinantly regulated
with a-hydroxyglutarate and (3-ethylmalate syn-
thase. A genetic analysis of the relationship be-
tween these enzymes is essential for a more com-
plete interpretation of these data.
An interesting aspect of growth on valerate is

that the cell population formed is markedly in-
fluenced by inoculum size (Fig. 5). Cells cultured
in valerate media from a high inoculum form
principally small colonies when plated on valerate-
agar, whereas cells cultured from a low inoculum
primarily give rise to large colonies on valerate-
agar (209). The respective colony types differ in
the ability to form the condensing enzymes
(Table 4). The large-colony type is considered
mutant and is designed at E-26V-M; the small-

FIG. 5. Differentiation of "adapted" and mutant cells on valerate-agar. (A) Plated from a valerate culture
grown from a small inoculum ofEscherichia coli E-26 (initial turbidity 0 to I Klett units). (B) Plated from a simi-
lar culture grown from a large inoculum (initial turbidity 20 Klett units). From Wegener et al. (209).
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TABLE 4. Comparison ofproperties of
"adapted" and mutant cells"

Specific Time
Colony size activity of required for

Cell type on valerate- a-hydroxy- growth in
agar glutarate valerate

synthaseb media

E-26 ........ -c _e 180-190
E-26V-M Large 28-31 24-30
E-26V-A Small 3-5 90-100
E-26V-A*d. -c eC 180-190

a E. coli E-26 was cultured in valerate medium
and then was plated on valerate-agar. Appropriate
colony types were selected, cultured in glucose-
mineral salts media, and assayed for a-hydroxy-
glutarate synthase. The ability of these colony
types to initiate growth when transferred from
Trypticase Soy Broth to a valerate-mineral salts
medium was also determined. From Wegener et
al. (209).

b Measured as mzumoles glyoxylate-1-14C utilized
per 15 min per mg of protein.

¢ No activity detectable; no growth detectable.
d E-26V-A* was derived by subculture of

E-26V-A on Trypticase Soy Broth followed by
reisolation on Trypticase Soy Agar.

colony type will be referred to as an adapted
population and is designated E-26V-A. Although
mutant colonies formed high activity of a-
hydroxyglutarate synthase when cultured in
glucose media, the adapted-cell type formed only
low enzyme activity under these conditions.
The E-26V-A isolates, when subcultured in

complex media and reisolated (designated
E-26V-A*), showed no detectable a-hydroxy-
glutarate synthase activity. As discussed later,
valerate-adapted cultures give rise to the mutant
cell type at a high frequency. The low activity
of a-hydroxyglutarate synthase in glucose cul-
tures of the E-26V-A cell type probably reflects
the formation of a low percentage of mutants
from the adapted cells, and the adapted cells are
probably indistinguishable from E-26 with respect
to a-hydroxyglutarate synthase activity. The
E-26V-M, E-26V-A, and E-26V-A* isolates also
exhibited differential growth rates in valerate-
mineral salts media. E-26V-A grew quickly on
valerate medium; however, it grew less quickly
than did E-26V-M but had a shorter lag than did
E-26; E-26V-A* grew at the same rate as did E-26.

In summary, growth on valerate may give rise
to at least two different cell populations. Valerate
mutants form large colonies on valerate-agar,
possess a short lag on valerate-mineral salts me-
dium, and are constitutive for the formation of
a-hydroxyglutarate synthase. Such cells can be
subcultured extensively in complex medium with-

out the loss of these characteristics. Valerate-
adapted cells form low a-hydroxyglutarate syn-
thase activity in glucose media and, when
subcultured in complex medium and reisolated,
lose both the capacity to grow with a short lag
on valerate medium and the capacity to form
a-hydroxyglutarate synthase (209).

Studies on the Mechanism of Mutagenesis
During Growth on Valerate

The mechanism by which growth on valerate
results in the formation of a mutant population
is not clearly understood. Mutagenesis on valerate
does not occur simply by selection of a spon-
taneously occurring mutant; instead, it appears
to involve the intermediate formation of a valerate-
"adapted" population which exhibits a high fre-
quency of conversion to the mutant cell type
(46, 209).
By use of a Luria-Delbriick fluctuation analysis

(120), the valerate-independent rate of mutation
of E-26 to the E-26V cell type was calculated to
be about 5 X 10-10 mutations per cell per genera-
tion (46). It is unlikely, therefore, that the selec-
tion of a spontaneously occurring mutant by
valerate can account for the high rate of muta-
genesis observed during growth in valerate
medium. Under the same conditions, valerate-
adapted cells were converted to the E-26V mutant
cell type at a very high frequency. These results
suggest that cells which are "adapted" to growth
on valerate possess a genotypically altered capac-
ity to undergo conversion to the mutant cell type.
The E-26V mutant grows with only a short lag

when cultured on various fatty acids, whereas
E-26 exhibits an extremely long lag when cul-
tured on these substrates. This difference was
employed to study the time course of mutant
formation during growth on valerate (Fig. 6).
In this experiment, E-26 was cultured in valerate
medium from a low inoculum, and, at various
intervals during growth, samples were removed,
transferred to Trypticase Soy Broth, and then
cultured in tubes of valerate and butyrate media.
Cells removed from the initial valerate culture
during the exponential phase of growth grew
quickly when subsequently transferred to either
valerate or butyrate media, whereas samples
removed after up to 50 hr of incubation were
similar to the parent E-26 strain. In contrast,
samples removed after 50 to 180 hr of incubation
showed a progressively increased capacity to
grow on valerate but not on butyrate.
These data suggest that cumulative exposure

of E-26 to valerate causes a genotypic change
which results in a high frequency of conversion
of cells to the mutant cell type. This alteration is

9
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FIG. 6. Cumulative effect of valerate on the forma-
tion of the E-26V mutant. The growth curve ofE. coli
E-26 in valerate media is shown by the dotted line. At
various intervals, samples of the culture were removed,
subcultured on Trypticase Soy Broth, and then cultured
in valerate and butyrate media. Secondary growth time
(right ordinate) expresses the time required for the
respective samples to initiate growth in valerate (0)
and butyrate (0) media. From Furmanski et al. (46).

a function of valeric acid specifically, and, after
incubation in valeric acid, the change is main-
tained as a stable characteristic, even when cells
are subsequently subcultured in complex media.
It is suggested (46) that, initially, the specific effect
of valerate is to produce an "adapted cell" popu-
lation; this population then undergoes a change,
independently of valerate, to produce a mutant
cell. Since it is difficult to conceive of valerate as
a specific mutagen active on cells in an additive
manner, this property must be characteristic of
adapted cells per se. The precise nature of the
"adapted" cell population is obscure.

Earlier, the assumption was made that the
properties characterizing the valerate-grown pop-
ulation resulted from a genotypic alteration. How-
ever, it must be pointed out that there is no proof
that a genetic change has taken place. This fact
can only be established by genetic recombina-
tion experiments. Therefore, it is not possible to
disregard the alternative possibility that the
properties of valerate-grown cells are the con-
sequence of a valerate-dependent phenotypic
alteration which is subsequently maintained in
the absence of this fatty acid. This type of "ir-
reversible induction" phenomenon may explain
the high rate of reversion of glycine-dependent
E. coli mutants to glycine independence in cells
cultured in media containing certain a-hydroxy
acids (224). It is not our intent to endorse this
explanation for our results, although we have not
ruled it out as a possibility.

Further Properties of Valerate Mutants
E-26 and E-26V were compared with respect

to the activities of a number of other enzymes,
but no significant differences were found (209).
Likewise, E-26 and E-26V exhibited similar
growth rates in acetate, glycolate, lactate, glucose,
and succinate media. However, as noted pre-
viously, these strains showed marked differences
when cultured in mineral salts media containing
various short-chain fatty acids (Table 5). It is of
interest that the "valerate-adapted" population
grew quickly on valerate, but did not possess a
selective advantage on other short-chain fatty
acids (209).

Because of the low activities of a-hydroxy-
glutarate and (3-ethylmalate synthases formed
during growth of the parent E-26 strain on pro-
pionate and butyrate, the metabolic significance
of these enzymes in the parent strain is question-
able. However, the activities of these enzymes
were significantly higher when the mutant E-26V
strain was grown on these substrates, and, in
addition, this mutant displayed a much shorter
lag on propionate, butyrate, valerate, caproate,
and heptanoate than did the parent strain. Al-
though it is doubtful that these enzymes are
essential to the growth of E-26V on short-chain
fatty acids, it is possible that they function in
initiation of growth by providing alternate path-
ways of fatty-acid metabolism. The role of a-hy-
droxyglutarate synthase during growth on pro-
pionate is discussed in the next section. It is also
possible, however, that the E-26V mutant pos-
sesses genotypically modified physiological prop-
erties which are unrelated to glyoxylate metab-
olism. This may apply particularly to the selective

TABLE5. Comparison ofE-26 and E-26V in regard
to growth on short-chain fatty acidsa

Duration of lag
Growth substrate

E-26 E-26V

days hr

Propionate............ 3-4 36
Butyrate .............. 5-15b 24
Valerate............... 5-6 24
Caproate.............. 5-15b 24
Heptanoate.5-6 24

a Suspensions of E. coli E-26 and E-26V which
were grown in Trypticase Soy Broth were cultured
in mineral salts medium containing the fatty acid
(0.20%) indicated. Duration of lag is the time
required to effect an increase in turbidity from
0 to 1 to 10 Klett units.

bVaries considerably.

10 BACTERIOL. REV.

-0



VOL. 32, 1968 METABOLIC PATHWAYS OF SHORT-CHAIN FATTY ACIDS

0 0.5 1.0
Suc.inah' Concentration Cumol es/mi.)

FIG. 7. Effect ofsuccinate addition on adaptation to
propionate. Washed suspensions ofEscherichia coli E-26
grown on Trypticase Soy Broth were inoculated into
0.20% propionate media containing various concentra-
tions of succinate. The duration of lag expresses the
time required to effect an increase in turbidity from 0
to I to 10 Klett units. From Wegener et al. (213).

growth advantage of E-26V on butyrate and
valerate, since preliminary observations suggest
that this mutant possesses an increased capacity
to oxidize these substrates (Wegener and Ajl,
unpublished data).

FACTORS REGULATING GROWTH ON
PROPIONATE

To study the function of these condensing
enzymes, we undertook a study of the factors
influencing the growth of E. coli on short-chain
fatty acids. Although the metabolism of pro-
pionic acid has been extensively studied in a
variety of systems (22, 52, 70, 118, 159, 182, 183,
189, 199, 226), little is known of the mechanisms
by which aerobic organisms, such as E. coli, grow
when this substrate is supplied as the sole carbon
source.

C4 Acid Requirement for Growth Initiation
During Adaptation to Propionate

First, we considered why there is such a long
lag before E. coli grows in propionate-mineral
salts media. This extended lag is apparent only
during adaptation to propionate; when cultures
are grown on this substrate and then are washed
and inoculated into a fresh propionate medium,
growth is initiated quickly. Growth on propionate
is an adaptive rather than a mutational process,
since such cultures lose the capacity to initiate

rapid growth on this substrate after subculture in
complex media (213).
To determine whether growth initiation is

limited by the capacity of cells to form C4-acid
intermediates from propionate, the experiment
shown in Fig. 7 was performed (213). It is evident
that the lag preceding growth can be considerably
reduced by adding limiting concentrations of
succinate to propionate media. Although these
concentrations of succinate are by themselves
sufficient to support only marginal growth, such
cultures grew luxuriously and, moreover, ex-
hibited a monophasic pattern of growth. The
ability to shorten the lag during adaptation to
propionate is not specific for succinate but is met
by a variety of substrates including glucose and
lactose. These sugars often cause catabolite re-
pression of enzyme formation, but, in this system,
they appear to provide a pool of intermediary
metabolites necessary for enzyme induction. The
addition of a-hydroxyglutarate to propionate
media also stimulated growth (213).
The following observations appear to be related:

(i) E-26V mutants form high activity of a-hy-
droxyglutarate synthase and exhibit a shortened
lag during growth on propionate; (ii) a-hydroxy-
glutarate is metabolized to succinate; (iii) both

75
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FIG. 8. Adaptation to growth on propionate. In
system A, Escherichia coli E-26 was grown on suc-
cinate and then inoculated into a medium containing
0.20% propionate and 0.01% succinate. At the times
indicated, samples of the culture were withdrawn,
washed, and inoculated into unsupplemented propionate
media. System B was identical, except that the induc-
ing medium contained 0.20% succinate and 0.01%
propionate. The duration of lag expresses the time
required in unsupplemented propionate media to effect
an increase in turbidity from 0 to I to 10 Klett units.
From Wegener et al. (213).
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TIME OF INDUCTION (hours)

FIG. 9. Adaptation to oxidize propionate. A suc-

cinate-grown suspension of Escherichia coli E-26 was
inoculated at high initial turbidity into a medium con-
taining 0.20% propionate and 0.01% succinate. At the
times indicated, samples of the culture were withdrawn,
and the cells were harvested, washed, and incubated in
mineralsalts buffercontainingpropionate-l-14C. The incu-
bation mixture was aerated at 37 C, and respired 14C02
was trapped by bubbling effluent air into tubes contain-
ing hyamine hydroxide. To quantitate the 14CO2 which
evolved, portions ofthe trapping solution were analyzed
(212) by use ofa liquid scintillation spectrometer. The
time of incubation in the inducing medium is plotted
versus the percentage ofthe initial propionate-"4C activ-
ity recovered after a 20-min incubation period. From
Wegener et al. (213).

a-hydroxyglutarate and succinate, when added
to propionate media, considerably reduce the
lag period of wild-type E-26 cultures. These find-
ings support the hypothesis that adaptation to
propionate in E. coli E-26 is limited by the capac-
ity of cells to form C4 acids directly from pro-
pionate.

It is postulated that the addition of C4 acids
to propionate media permits the induction of
enzymes required for growth on propionate. This
hypothesis is supported by the data shown in
Fig. 8. It is likely that the experimental conditions
facilitated adaptation to propionate by inducing
enzymes involved in propionate oxidation. If this
is the case, one would expect cells to exhibit an
increased capacity to oxidize propionate after
incubation in the inducing medium. Such a re-
lationship was observed in the experiment shown
in Fig. 9. A relatively short period of incubation
in media containing propionate plus succinate
was sufficient to induce enzymes catalyzing the
oxidation of propionate to CO2 (213).

Propionate Oxidation
Propionate may be oxidized to acetate by

several different pathways: oxidation via malonic

semialdehyde (35, 50, 51, 156, 225), malonic
semialdehyde-CoA (198, 201), or lactate (9, 10,
24, 113, 114, 116, 121, 180, 200). Propionate may
also be metabolized to succinate by several path-
ways.

In the malonic semialdehyde pathway, pro-

pionate is first activated to propionyl-CoA, then
dehydrogenated to acrylyl-CoA, and hydrated to
f3-hydroxypropionyl-CoA. f3-Hydroxypropionyl-
CoA is deacylated to the free acid and oxidized
to acetyl-CoA plus CO2 via malonic semialdehyde.
These reactions are important in plant tissues
(50, 51) and constitute the principal pathway of
propionate metabolism in Prototheca zopfii
(19, 119).
In Clostridium kluyveri (198, 201), propionate

is metabolized by the malonic semialdehyde-CoA
pathway. In this pathway, propionyl-CoA again
is dehydrogenated to acrylyl-CoA and hydrated
to f-hydroxypropionyl-CoA. In contrast to the
former pathway, however, f-hydroxypropionyl-
CoA is oxidized directly to malonic semialdehyde-
CoA. The latter is oxidized to malonyl-CoA and
hence to acetyl-CoA plus CO2.

In C. propionicum (24, 116) and in Peptostrep-
tococcus (9, 10, 113, 114), the synthesis of pro-
pionate proceeds by a mechanism in which
acrylate and lactate or their acyl-CoA esters are
intermediates. The lactate pathway of propionate
oxidation also operates in species of Pseudomonas
(180, 200) and in animal tissues (121, 200).
Propionate may also be metabolized by con-

version to succinate. It is well known that pro-
pionyl-CoA is carboxylated to methylmalonyl-
CoA (42, 43, 44, 61, 77, 186, 191) and then isom-
erized to succinyl-CoA (21, 41, 77, 125, 157,
158, 181). This pathway is significant in animal
tissues and in a number of microorganisms, in-
cluding Rhodospirillum (103), Propionibacterium
(184, 222), Ochromonas (5), Micrococcus (178),
and Rhizobium (34). Propionate may also be
metabolized to succinate via the a-hydroxyglu-
tarate pathway (143). These pathways for the
metabolism of propionate are diagrammed in
Fig. 10.
The pattern of '4CO2 evolution from specifically

labeled carbon atoms of propionate can be used
to differentiate between these pathways (212).
The results of a radiorespirometric experiment
designed to determine the major pathway of
propionate oxidation in E. coli E-26 are shown in
Fig. 11. Both the rate and the final cumulative
percentage of 14C activity recovered as '4CO2 were

greatest for propionate-1-14C, intermediate for
propionate-2-'4C, and lowest for propionate-3-14C
(212). The radiorespirometric pattern which
would be expected if propionate-1-'4C, -2-14C, or
-3-14C was metabolized via the described path-
ways is summarized in Table 6. Of the pathways
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FIG. 10. Pathways ofpropionate oxidation.

listed, only the first can account for a greater
recovery of 14C activity as 14C02 from propionate-
2-14C than from propionate-3-14C. The demon-
stration of propionyl-CoA synthetase, propionyl-
CoA dehydrogenase, acrylyl-CoA hydratase, and
both lactyl-CoA and lactate dehydrogenase activi-
ties in extracts of propionate-grown E-26 is in
accord with the operation of the lactate pathway.
The intermediates in this reaction sequence,
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FIG. 11. Radiorespirometric pattern of oxidation of
specifically labeled propionate. A washed suspension of
propionate-grown Escherichia coli E-26 was incubated
in a mineral salts buffer containing propionate-1-'4C,
-2-14C, or -3-14C. Respired 14C)2 was trapped and
quantitated by the method described in Fig. 9. From
Wegener et al. (212).

propionyl-CoA, acrylyl-CoA, and lactyl-CoA,
were identified as hydroxamate derivatives by
paper chromatography. Furthermore, the ac-
cumulation of pyruvate was demonstrated when
extracts were incubated with propionyl-CoA plus
an appropriate electron acceptor (215).

Significance of Isocitrate Lyase During
Growth on Propionate

The results presented above indicate that
adaptation of E. coli to growth on propionate
involves the inductive formation of enzymes
catalyzing the oxidation of propionate to CO2.
In addition, it has been shown that a major path-
way of propionate metabolism in adapted cells
is oxidation to acetate via lactate. Theoretically,
a significant difference in the metabolism of cells
cultured on propionate, as opposed to acetate, is
the fact that C4 acids may be formed by carbox-
ylation reactions during aerobic growth on the
former substrate but not on the latter substrate.

Since our studies strongly suggest that E. coli

TABLE 6. Expected radiorespirometric pattern of
14CO2 evolution during the oxidation of

specifically labeled propionatea

Expected 14CO2
No. Pathway evolution

pattern

1 Lactate 1 > 2 > 3
2 Malonic semialdehyde 1 > 3 > 2
3 Malonic semialdehyde-CoA 3 > 1 > 2
4 Propionyl-CoA carboxylase 1 > 3 = 2
5 a-Hydroxyglutarate 1 > 3 = 2

a From Wegener et al. (212).
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E-26 metabolizes propionate primarily by oxida-
tion to acetate rather than by conversion to C4
acids, the glyoxylate bypass, which is essential
to growth of E. coli on acetate, would be pre-

dicted to be significant during growth on pro-

pionate. This prediction is supported by the fact
that, in E. coli E-26, the formation of isocitrate
lyase immediately precedes growth on propionate
(214). The hypothesis is contested, however, by
Kornberg's experiments (7, 102) with isocitrate
lyase-less mutants derived from E. coil W. Such
mutants were unable to grow on acetate but grew

on propionate at rates similar to the growth rates
of the parent organism. Therefore, we decided to
reevaluate these experiments, using the cultural
parameters described in the preceding pages. The
isocitrate lyase-less mutant employed (E. coli
M-18) was derived from E. coli W and was ob-
tained from H. L. Kornberg, (Dept. of Biochem-
istry, Univ. of Leicester, England).
The results obtained from our investigation of

Kornberg's studies emphasized the fact that it is
essential to specifically define the cultural pa-
rameters when attempting to assess the physio-
logical significance of isocitrate lyase during
growth on propionate (208). Kornberg's studies
were performed using mineral salts media con-
taining relatively low concentrations (5 mM) of
propionate (H. L. Kornberg, personal communi-
cation). In contrast, we routinely employed
mineral salts media containing significantly
higher (21 mM) concentrations of propionate.
The growth characteristics of the isocitrate lyase-
less mutant, E. coll M-18, were quite different
when cultured in media containing different con-
centrations of propionate. At the lower substrate
concentration, both the mutant and parent strains
grew at similar rates (as previously reported).
However, under our cultural conditions, E. coil
M-18 exhibited a marked disadvantage on pro-
pionate. During adaptation to this substrate, the
lag of M-18 was 5 to 6 times longer than that of
E. coli W; furthermore, even after adaptation to
propionate, M-18 grew at a rate which was only
20 to 30% of the rate observed with the parent
strain. No deficiency in M-18 was apparent when
cells were cultured on glucose, succinate, or lac-
tate, and, in addition, acetate revertants of M-18
grew in media containing 21 mM propionate at
rates equal to those of E. coil W.
These results indicate that the substrate con-

centration at which E. coli is cultured markedly
influences the pathway by which propionate is
metabolized. At a higher substrate concentration,
propionate is metabolized principally by oxi-
dation to acetate; under these conditions iso-
citrate lyase is physiologically significant to cellu-
lar growth. At a lower substrate concentration,

isocitrate lyase is not physiologically significant
to growth. The observations made with E. coli
M-18 are supported by the finding that E. coil
W exhibits a 10- to 15-fold lower activity of iso-
citrate lyase when grown on 5 mm propionate
than when cultured in media containing 21 mm
propionate. It is probable that, at the lower sub-
strate concentration, E. coli W possesses an in-
creased capacity to metabolize propionate to C4
acids via carboxylation reactions. The impor-
tance of carboxylation reactions during adap-
tation to higher concentrations of propionate is
discussed in the next section.

Significance of CO2 Fixation to Growth
on Propionate

Perhaps the most important difference between
the growth of E. coli on propionate and the
growth of E. coli on acetate is the time required
to initiate growth during adaptation to these
substrates. Adaptation to propionate appears to
be regulated by the rate of formation of C4 acids
from propionate. There are two possible ways
that succinate may be formed directly from this
fatty acid. One method involves the a-hydroxy-
glutarate pathway; the second method involves
carboxylation reactions. By the latter means,
succinate may arise either by carboxylation of
propionyl-CoA or by carboxylation of a metab-
olite derived from propionate, e.g., pyruvate or
phosphoenolpyruvate.
As noted previously, the propionyl-CoA car-

boxylase pathway is a major route of propionate
metabolism in several microorganisms. The car-
boxylation of propionyl-CoA is biotin-dependent,
and the subsequent isomerization of methyl-
malonyl-CoA to succinyl CoA requires B12-co-
enzyme. These aspects have been reviewed (77).

TABLE 7. Effect of HCO3- and vitamin B12 on
adaptation of Escherichia coli

to propionate"

Additions to medium Duration of

None........................... 90
HCO3 .......................... 65
B12.......................... 70
Succinate......................... 65
B12 + HCO3 .................... 55
B12 + HCO3- + succinate ........ 30

a E. coli E-26 was cultured from Trypticase Soy
Broth to propionate (0.20%)-mineral salts media
supplemented with vitamin B12 (crystaline cyano-
cobalamine), 0.5 ,.g/ml; KHCOs, 5 ,umoles/ml; or
succinate, 0.1 /Amole/ml. Duration of lag is the
time required to effect an increase in turbidity
from 0 to 1 to 10 Klett units. From Wegener et al.
(213).
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TABLE 8. Effect ofsuccinate and HCO3- on the
ability ofEscherichia coli E-26VP- to

initiate growth on propionatea

Primary-growth conditions Secondarygrowth Lag (hr)conditions

TSBb Propionate -c
TSB Propionate 65

+ succinate
Propionate + succinate Propionate 35
Propionate + succinate Propionate -c
then subcultured in
TSB

TSB Propionate 115
+ HCO3-

Propionate + HCO3- Propionate 30
Propionate + HC03- Propionate 86
then subcultured in
TSB

a E. coli E-26VP- was cultured as described. The
mineral salts medium contained 0.20% propionate
i0.02% succinate or d1.2 (10)-2 M KHCO3. Lag
is the time required in the secondary growth
medium to effect an increase in turbidity from 0
to 1 to 10 Klett units. From Kolodziej et al. (84).

b TSB = Trypticase Soy Broth.
c No growth detectable after 10 days.

When E-26 is grown on substrates such as acetate,
lactate, succinate, and glycolate, a requirement
for exogenous cofactors is not apparent. Never-
theless, it is possible that adaptation to propionate
may be limited by a deficiency in the synthesis
of one or more essential cofactors. Of those tested,
only vitamin B12 reduced the lag preceding
adaptation to growth on propionate (Table 7).
It is noteworthy that the addition of HCO3- to
the medium also stimulated growth and that B12,
HCO3-, and succinate were additive in producing
this effect (213).

It is possible then that the limited capacity of
E-26 to form C4 acids necessary for adaptation
to propionate may result from low activity of the
propionyl-CoA carboxylase pathway. The finding
that the in vitro specific activity of propionyl-CoA
carboxylase in extracts of propionate-grown E-26
is considerably less than the activity reported in
extracts of animal tissues agrees with this sug-
gestion (W. S. Wegener and S. J. Ajl, unpublished
data). Alternatively, the operation of the pro-
pionyl-CoA carboxylase pathway may be limited
by a deficiency in the synthesis of vitamin B12 or
the B12-coenzyme.
The importance of carboxylation reactions to

adaptation to propionate is emphasized in a mu-
tant derived from E. coli E-26V. This mutant
(E-26VP-) grew at the same rate as the parent
strain on acetate, glycolate, succinate, lactate,

glucose, butyrate, and valerate medium, but it
did not grow on propionate (84). The possibility
that the mutant was unable to oxidize propionate
to acetate was ruled out, since valerate-grown
cultures of E-26VP- oxidized propionate at a
rate equal to that of the parent strain. The mu-
tant did not possess a lesion in the enzymes of the
tricarboxylic acid cycle or glyoxylate bypass, since
such defects would not permit growth on acetate.
The mutant and parent strains also possessed
equal activities of the enzymes of the a-hydroxy-
glutarate pathway.
To test the possibility that E-26VP- possessed

a deficiency solely in initiating growth on pro-
pionate, the mutant was cultured in a propionate
medium supplemented with a limiting concentra-
tion of succinate (Table 8). The addition of suc-
cinate restored the ability of E-26VP- to grow on
propionate; moreover, such cells now grew when
subsequently transferred to unsupplemented pro-
pionate media. These conditions resulted in the
adaptation to propionate rather than the selec-
tion of a revertant population, since the ability
to grow in unsupplemented propionate media
was lost when the cells were first subcultured in
complex media.
The addition of HC03- to the medium also

stimulated the adaptation of E-26VP- to pro-
pionate (Table 8), but vitamin B12 did not show
a similar effect. As was the case in the propionate
plus succinate system, propionate plus HC03--
grown cultures initiated growth rapidly when sub-
sequently transferred to an unsupplemented pro-
pionate medium. However, in contrast to the
former system, the latter conditions selected a re-
vertant population, since such cultures were not
repressed by subculture in complex media. By
serially transferring the mutant from Trypticase
TABLE 9. Incorporation of 14CO2 by Escherichia

coll E-26V and E-26VP-

14C incorporation
Growth phase (Klett units)

E-26V E-26VP-

5 2,391 498
50 689 394
100 238 249

a E. coli E-26V and E-26VP- were cultured
from Trypticase Soy Broth to a 0.20% propionate
plus 0.01% succinate medium. At the turbidities
indicated, samples were withdrawn, harvested,
and incubated for 5 min in a propionate medium
containing NaH'4CO3 (1 uc; 0.04 ,mole). 14C in-
corporation into cellular material was determined
by filtering the cell suspension on a Millipore
filter, washing with HCl, and assaying the residue
for radioactivity. From Kolodziej et al. (84).
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FIG. 12. Comparison ofE-26 and E-26V with respect
to formation of a-hydroxyglutarate synthase during
growth on propionate. Escherichia coli E-26 and E-26V
were cultured under restricted oxygen in glucose-citrate
media, aseptically harvested and washed, and then inocu-
lated at an initial turbidity of4O Klett units into carboys
containing 0.20% propionate-mineral salts medium. At
the times indicated, samples were withdrawn, and
enzyme extracts were prepared and assayed for a-hy-
droxyglutarate synthase. Symbols: 0, growth ofE-26;
*, growth of E-26V; A, formation of a-hydroxy-
glutarate synthase in E-26; A, formation ofa-hydroxy-
glutarate synthase in E-26V. From Wegener et al.
(214).

Soy Broth to propionate plus HCO3- and then
back again to Trypticase Soy Broth, cultures
which grew in unsupplemented propionate media
within 24 hr were obtained. These results sug-
gested that E-26VP possesses a deficiency in
carboxylation reactions necessary for growth on
propionate but not on acetate.

Evidence for this hypothesis was provided by
the experiment shown in Table 9. When grown on
propionate plus limiting succinate, the parent
culture incorporated considerably more 14CO2
than did the mutant culture, and, in both strains,
the amount of 14CO2 incorporated into cell ma-
terial was markedly influenced by the growth
phase. The data indicated that carboxylation
reactions are most active during growth initiation
and decline as growth proceeds. Although such
in vivo experiments cannot define the specific
lesion characterizing the E-26VP- mutant, they
strongly imply that adaptation of E. coli to pro-
pionate requires C02-fixation reactions (84).

Significance of the a-Hydroxyglutarate
Pathway During Growth on Propionate

It will be recalled that the growth of E. coil
E-26 on valerate resulted in the selection of a

mutant population, E-26V, which was constitu-
tive for the formation of glyoxylate-condensing
enzymes. In addition, this mutant possessed a
growth advantage on a series of short-chain fatty
acids. One possible approach to assessing the
significance of these enzymes is to determine
whether the ability of this mutant to grow quickly
on short-chain fatty acids is correlated with the
formation of these enzymes (214).

In Fig. 12, E. coil E-26 and E-26V are compared
with respect to growth and a-hydroxyglutarate
synthase formation in propionate-mineral salts
media. E-26V initiated growth on propionate
considerably more quickly than did E-26; in
addition, the strains differed both in the level of
activity and in the pattern of a-hydroxyglutarate
synthase formation. E-26V possessed higher
enzyme-specific activity and, more importantly,
enzyme activity increased sharply immediately
before growth. The activity of az-hydroxyglu-
tarate synthase was considerably lower in E-26
and was not apparent until the mid to late phase
of growth.
The activities and patterns of formation of iso-

citrate lyase and malate synthase were similar in
E-26 and E-26V (Fig. 13 and 14). To facilitate
comparison of the relative rates of formation of
these enzymes, the activities of isocitrate lyase
and malate synthase at various phases of growth
are expressed as a percentage of the respective
maximal specific activities obtained. In both

0 10 20 30 40 50 60

6ime of 9ncu6ation (hours)
FIG. 13. Comparison of isocitrate Iyase and malate

synthaseformation in E-26. Theprocedure was described
in Fig. 12. Enzyme activities at various times during
growth are expressed as a percentage of the respective
maximal specific activities obtained. Symbols: solid line,
growth of E-26; long-dashed line, isocitrate Iyase;
short-dashed line, malate synthase. From Wegener et al.
(214).
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pionate. Growth in glucose-citrate media resulted lyzed by gly
in repression of malate synthase, but enzyme 202). Tartre
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growth and probably represents enzyme derepres- referred to
sion due to protein turnover, for synthesis
These data agree with the concept that E-26V on this subsi
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antage in the synthesis of the adaptive
volved in the oxidation of propionate
In the parent E-26 strain, the physio-
nificance of this pathway as a
for the formation of C4 acid inter-
questionable, since only a low activity
xyglutarate synthase was formed.

ER GLYOXYLATE CONDENSATION
REAcrIoNs

acid, which is an extremely reactive
participates in a variety of biochemi-
1s. The previous discussion dealt with
ns of glyoxylate with fatty acid acyl-
This section will consider other bio-

ixylate condensation reactions; how-
3ns such as amination, transamination,
reduction, or interaction with thiols
included here. The biological signifi-
er than chemical aspects, of these
ns will be emphasized. Figure 15 sum-
reactions discussed.

condensation with Glyoxylate
nine pyrophosphate (TPP)-dependent
in of two molecules of glyoxylate to
nic semialdehyde plus CO2 is cata-
oxylic carboligase (26, 31, 95, 104-106,
)nic semialdehyde is then reduced by
mialdehyde reductase to glyceric acid
3oth enzymes are induced in bacteria
ycolate, and their combined operation,
as the glycerate pathway, is essential
is of cell constituents during growth
,trate (86, 94).
osedmechanism (71, 83) ofthe glyoxy-
gase reaction is diagrammed below.
ed that glyoxylate and TPP interact to
Kymethyl-TPP, which then reacts with
decule of glyoxylate to form tartronic
le. TPP-activated glyoxylate is a prob-
ediate in the formation of hydroxy-

)H

OOH

-TPPIi HOH
HO

17



WEGENER ET AL. BACTERIOL. REV.

COOH
I B aHCOH

HC-NH2

COOH ac

8-hydrozyapartate

glycine

COOH

c=o

I
CH-COOH

CHOH

*COOH

ozalomalat.

oxaloacetate

p

-CO2

CH3
I=o
CH

II

*COOH

acetylac

I
:etoacet

1-'
*COOH
LO

I

COOH

I=o

lCH2
CHOH

'COOH

-rylate ICOOH

CHOH

ate CHO

C02 tartronic semialdehyd.

glyoxylate

Co2

\CO2
a.-k~toglutarat*

COOH

H2

CHOH °'

c=o

COOH

COOH

lCH2
CH2

c=o

CHOH

*COOH

a-keto m-hydrozy
8-hydroxyadipate 8-ketoadipate

I -hydrozy
a-ketoglutarate

FIG. 15. Various glyoxylate condensation reactions.

It has been shown that flavine adenine dinucleo-
tide (FAD) is a component of purified glyoxylate
carboligase (57, 58). This prosthetic group is
dissociated from the apoenzyme by acid am-
monium sulfate fractionation, and the inactive
apoenzyme is reactivated by FAD. Although the
reaction mechanism would not appear to involve
flavine as an oxidation-reduction mediator, it has
been inferred that this prosthetic group may pro-
vide a mechanism for regulating enzyme activity
(58). Glyoxylic carboligase is inactivated by
dithionite, and the inactivation is relieved by 02

or FAD. Enzyme activity may then be controlled
in vivo by factors influencing the oxidation-reduc-
tion state of the flavine prosthetic group.

Condensation with Glycine
An alternate mechanism for cellular biosyn-

thesis during growth on glycolate has been
demonstrated in Micrococcus denitrificans. This
organism does not possess the enzymes of the
glycerate pathway and forms its C4 acids from
glyoxylate via the 83-hydroxyaspartate pathway
(48, 49, 98-101). In this pathway, glycine (formed
by direct amination or transamination of glyoxy-
late) is condensed with glyoxylate to form erythro

B-hydroxyaspartate (,B-hydroxyaspartate aldo-
lase), and the latter substance is converted to
oxalacetate (,3-hydroxyaspartate dehydratase).
The nonenzymatic formation of (3-hydroxy-
aspartate from glyoxylate plus glycine also has
been reported (131).

Condensation with Pyruvate
In animal tissues, L-hydroxyproline is catab-

olized to -y-hydroxy-L-glutamic acid (1, 2, 13).
The further metabolism of this compound has
been studied in several laboratories (15, 54, 110-
112, 122, 123) and has been shown to proceed by
transamination to D.-y-hydroxy-a-ketoglutarate
(HKG), followed by cleavage to glyoxylate plus
pyruvate. Both the transaminase and aldolase re-
actions are reversible. Rat liver aldolase is specific
for glyoxylate and pyruvate and relatively specific
for HKG; both optical antipodes of HKG are
formed as well as cleaved by the enzyme. Maitra
and Dekker (123) reported that the equilibrium
of the aldolase reaction favors cleavage; they
suggested that the principal function of this
enzyme may be in the catabolism of hydroxy-
proline.
Kuratomi and Fukunaga (111) purified a rat

18



VoL. 32, 1968 METABOLIC PATHWAYS OF SHORT-CHAIN FATTY ACIDS

liver enzyme which catalyzes the reversible
cleavage and formation of HGK; however, the
equilibrium of this reaction favors the synthesis
of HKG. In addition, glyoxylate and pyruvate
condense nonenzymatically to form HKG (172);
this reaction occurs at 40 C (pH 7.4) and is stimu-
lated by Mgq+. The enzymatic condensation is
not activated by Mg++.

In plant tissues, HKG is enzymatically decar-
boxylated tomalate (140); this reaction iscatalyzed
by a peroxidase and by an a-keto acid dehydro-
genase. These reactions may be physiologically
significant as a pyruvate-catalyzed mechanism
for the oxidation of glyoxylate.

Condensation with Oxalacetate

As in the case of pyruvate, glyoxylate may con-
dense either enzymatically or nonenzymatically
with oxalacetate to form oxalomalate. Oxalo-
malate is unstable at an acid pH and is spon-
taneously decarboxylated to HKG.
The enzymatic reaction has been studied in

Acetobacter suboxydans and may be involved in
glutamate biosynthesis (174). The enzymatic
reaction may be distinguished from the non-
enzymatic reaction; the former occurs at pH 6.0
in the absence of Mg++, whereas the non-
enzymatic condensation has an optimal pH of
7.5 to 8.5 and requires Mg++ (174).
The nonenzymatic condensation of glyoxylate

with oxalacetate may be physiologically signifi-
cant as a mechanism for regulating the activity
of the tricarboxylic acid cycle (166-169, 172).
Kleinzeller (79) first reported that glyoxylate
inhibited respiration in animal tissues. Subse-
quently, Ruffo et al. (30, 167, 170) demonstrated
that the inhibition of respiration by glyoxylate
was enhanced by oxalacetate and was accom-
panied by the accumulation of citrate. This ob-
servation is in accord with the finding that oxalo-
malate competitively inhibits aconitase (171) and
also inhibits the oxidation of citrate and pyruvate
by rat liver mitochondria (167). This inhibition
does not appear to result from an inhibition of
oxidative phosphorylation, since the P:O ratio
was unaffected (167). Payes and Laties (115, 139)
reported that HKG also inhibited aconitase from
plant tissues and, in addition, was an inhibitor
of both isocitric and succinic dehydrogenase.
Subsequent studies by Ruffo et al. (172) suggested
that oxalomalate is 10-fold more effective as an
inhibitor of aconitase and isocitrate dehydrogen-
ase than is HKG.

Condensation with Acetoacetate

The nonenzymatic condensation of glyoxylate
with acetoacetate to form fl-acetylacrylate, as

described by Ellington et al. (37), proceeds at a
neutralpH and is accelerated by Mg<+. Although
the physiological significance of this reaction is
doubtful, it may account for the observed anti-
ketogenic properties of glyoxylate in rat liver
slices.

Condensation with a-Ketoglutarate
A glutamate-dependent decarboxylation of

glyoxylate to form N-formylglutamate was re-
ported by Nakada and Sund in rat liver (135).
Subsequently, the synergistic decarboxylation of
glyoxylate and a-ketoglutarate has been described
(29, 185).
The condensation of glyoxylate with a-keto-

glutarate to form a-keto (3-hydroxyadipate was
characterized in Aspergillus niger by Franke et
al. (45) and in R. spheroides by Okuyama et al.
(137). In the latter organism, a-keto j3-hydroxy-
adipate was decarboxylated to a-hydroxyglutarate
and then oxidized to regenerate a-ketoglutarate.
Similar reactions occur in rat liver mitochondria
(76).
A different glyoxylate-ca-ketoglutarate conden-

sation to form a-hydroxy 13-ketoadipate was re-
ported in rat liver mitochondria by Koch et al.
(81). This condensation may be assayed by meas-
uring the decarboxylation of a-hydroxy (3-keto-
adipate (in the presence of He or 4 amino-anti-
pyrine) to 8-hydroxylaevulinic acid. The mech-
anism of this condensation appears to involve
decarboxylation of a-ketoglutarate to active
succinic semialdehyde followed by condensation
with glyoxylate. The reaction was studied in tis-
sues of patients with primary hyperoxaluria (82),
a genetic disorder of glyoxylate metabolism
characterized by increased urinary excretion of
oxalate, glycolate, and glyoxylate. Cytoplasmic
extracts of liver, kidney, and spleen tissues from
such patients showed a significantly lower activity
of this enzyme than did control tissues, suggesting
that the condensation may be of physiological
significance in the metabolism of glyoxylate by
animal tissues.
A similar condensation was described in Myco-

bacterium takeo (132). Isocitrate lyase, but not
malate synthase, was detected in this strain, and
it has been suggested that the glyoxylate-a-keto-
glutarate condensation may serve a biosynthetic
function.

ACKNOWLEDGMENTS
These investigations were supported by Public

Health Service Grant AI-03866-07 from the National
Institutes of Allergy and Infectious Diseases and by
National Science Foundation Grants GB-4680 and
GB-5592. H. C. R. is a Research Career Development
Awardee of the National Institutes of Health (5-K3-
AI-6928).

19



WEGENER ET AL.

LITERATURE CITED

1. ADAMS, E., AND A. GOLDSTONE. 1960. Hydroxy-
proline metabolism. II. Enzymatic preparation
and properties of Al-pyrroline-3-hydroxy-5-
tcarboxylic acid. J. Biol. Chem. 235:3492-3498.

2. ADAMS, E., AND A. GOLDSTONE. 1960. Hydroxy-
proline metabolism. IV. Enzymatic synthesis of
y-hydroxyglutamate from Al-pyrroline-3-hy-
droxy-5-carboxylate. J. Biol. Chem. 235:3504-
3512.

3. Ax, S. J. 1958. Evolution of a pattern of terminal
respiration in bacteria. Physiol. Rev. 38:196-
214.

4. ANDREW, I. G., AND J. G. MORRIS. 1965. The bio-
synthesis of alanine by Clostridium kluyveri.
Biochim. Biophys. Acta 97:176-179.

5. ARSTEIN, H. R. V., AND A. M. WHITE. 1962. The
function of vitamine B12 in the metabolism of
propionate by the protozoan Ochromonas mal-
hanensis. Biochem. J. 83:264-270.

6. ASHWORTH, J. M., AND H. L. KORNBERG. 1963.
Fine control of the glyoxylate cycle by al-
losteric inhibition of isocitrate lyase. Biochim.
Biophys. Acta 73:519-522.

7. ASHWORTH, J. M., AND H. L. KORNBERG. 1964.
The role of isocitrate lyase in Escherichia coli.
Biochim. Biophys. Acta 89:381-383.

8. BACHOFEN, R., R. B. BUCHANAN, AND D. I.
ARNON. 1964. Ferredoxin as a reductant in
pyruvate synthesis by a bacterial extract. Proc.
Natl. Acad. Sci. U.S. 51:690-694.

9. BALDWIN, R. L., W. A. WOOD, AND R. S. EMERY.
1961. Conversion of lactate-C'4 to propionate
by the rumen microflora. J. Bacteriol. 83:907-
913.

10. BALDWIN, R. L., W. A. WOOD, AND R. S. EMERY.
1965. Lactate metabolism by Peptostreptococ-
cus elsdenii; evidence for lactyl coenzyme A
dehydrase. Biochim. Biophys. Acta 97:202-
213.

11. BEEVERS, H. 1961. Metabolic production of
sucrose from fat. Nature 191:433-436.

12. BELL, E. J., AND N. J. HERMAN. 1967. Effect of
succinate on isocitrate lyase synthesis in Mima
polymorpha. J. Bacteriol. 93:2020-2021.

13. BENOITON, L., AND L. P. BOUTHILLIER. 1956. The
metabolism of -y-hydroxyglutamic-a-CI4 acid
in the intact rat. Can. J. Biochem. Physiol.
34:661-667.

14. BLEIWEIs, A. S., H. C. REEVES, AND S. J. AJL.
1967. Evidence for the formation ofa-hydroxy-
glutamic acid in Aspergillus glaucus. Biochem.
J. 104:37C-38C.

15. BOUTHILLIER, L. P., Y. BINNErTE, AND G.
POULOT. 1961. Transformation de l'acide -y-hy-
droxyglutamique en alanine et en acide glyo-
xylique. Can. J. Biochem. Physiol. 39:1595-
1603.

16. BRADBEER, C., AND P. K. STUMPF. 1959. Fat
metabolism in higher plants. XI. The con-
version of fat into carbohydrate in peanut and
sunflower seedings. J. Biol. Chem. 234:498-
501.

17. BREIDENBACH, R. W., AND H. BEEVERS. 1967.

Association of the glyoxylate cycle enzymes in
a novel subcellular particle from castor bean
endosperm. Biochem. Biophys. Res. Commun.
27:462-469.

18. BURNS, R. O., H. E. UMBARGER, AND S. R.
GROSS. 1963. The biosynthesis of leucine.
III. The conversion of a-hydroxy-13-carboxy-
isocaproate to a-ketoisocaproate. Biochem-
istry 2:1053-1058.

19. CALLELY, A. G., AND D. LLOYD. 1964. The me-
tabolism of propionate in the colourless alga,
Prototheca zopfii. Biochem. J. 92:338-345.

20. CAMPBELL, J. J., R. A. SMITH, AND B. A. EAGLES.
1953. A deviation from the conventional tri-
carboxylic acid cycle in Pseudomonas aerugi-
nosa. Biochim. Biophys. Acta 11:594.

21. CANNATA, J. J. B., A. FocEsI, R. MAZUMDER, R.
C. WARNER, AND S. OCHOA. 1965. Metabolism
of propionic acid in animal tissues. XII. Prop-
erties of mammalian methylmalonyl coenzyme
A mutase. J. Biol. Chem. 240:3249-3257.

22. CANTOR, M. H., AND T. W. JAMES. 1965. Meta-
bolic adaptation and the regulation of me-
tabolism of a flagellate protozoan. J. Cellular
Comp. Physiol. 65:285-292.

23. CANVIN, D. T., AND H. BEEVERS. 1961. Sucrose
synthesis from acetate in the germinating
castor bean; kinetics and pathway. J. Biol.
Chem. 236:988-995.

24. CARDON, B. P., AND H. A. BARKER. 1947. Amino
acid fermentations by Clostridium propionicum
and Diplococcus glycinophilus. Arch. Biochem.
Biophys. 12:165-180.

25. CASTOR, J. G. B., AND J. F. GUYMON. 1952. On
the mechanism of formation of higher alcohols
during alcoholic fermentation. Science 115:
147-149.

26. CHOW, C. T., AND B. VENNESLAND. 1958. The
nonenzymatic decarboxylation of diketosuc-
cinate and oxaloglycolate (dihydroxy-
fumarate). J. Biol. Chem. 233:977-1002.

27. COOK, J. R., AND M. CARVER. 1966. Partial pho-
torepression of the glyoxylate bypass in
Euglena. Plant Cell. Physiol. 7:377-383.

28. COOPER, R. A., AND H. L. KORNBERG. 1964. The
utilization of itaconate by Pseudomonas sp.
Biochem. J. 91:82-91.

29. CRAWHALL, J. C., AND R. W. E. WATFS. 1962.
The metabolism of glyoxylate by human and
rat liver mitochondria. Biochem. J. 85:163-
171.

30. D'ABRAMO, F., M. ROMANO, AND A. RUFFO.
1958. Inhibition of citrate oxidation by glyoxyl-
ate in rat-liver homogenates. Biochem. J. 68:
270-275.

31. DAGLEY, S., P. W. TRUDGELL, AND A. G.
CALLELY. 1961. Synthesis of cell constituents
from glycine by a Pseudomonas. Biochem. J.
81:623-631.

32. DARON, H. H. 1967. Occurrence of isocitrate
lyase in a thermophilic Bacillus species. J.
Bacteriol. 93:703-710.

33. DAWES, E. A., AND D. W. RIBBONS. 1964. Some
aspects of the endogenous metabolism of bac-
teria. Bacteriol. Rev. 28:126-149.

20 BACTERIOL. REV.



VOL. 32, 1968 METABOLIC PATHWAYS OF SHORT-CHAIN FATrY ACIDS

34. DEHERTOGH, A. A., P. A. MAYEUX, AND H. J.
EVANS. 1964. The relationship of cobalt re-

quirement to propionate metabolism in
Rhizobium. J. Biol. Chem. 239:2446-2453.

35. DEN, H., W. G. ROBINSON, AND M. J. COON.
1959. Enzymatic conversion of 3-hydroxy-
propionate to malonic semialdehyde. J. Biol.
Chem. 234:1666-1671.

36. EGGERER, H., AND A. KLETrE. 1967. Uber das
Ketalyseprinzip der Malat-synthase. European
J. Biochem. 1:447-475.

37. ELLINGTON, E. V., J. MELLANBY, AND D. H.
WILLIAMSON. 1964. The nonenzymatic con-
densation of acetoacetate and glyoxylate: an
explanation for the antiketogenic effect of
glycoaldehyde and related compounds. Bio-
chem. J. 91:352-356.

38. FALMAGNE, P., E. VANDERWINKEL, AND J. M.
WIAME. 1963. Sur l'existence et la signification
de deux synthetases maliques chez Escherichia
coli. Arch. Intern. Physiol. Biochim. 71:813-
814.

39. FALMAGNE, P., E. VANDERWINKEL, AND J. M.
WIAME. 1965. Mise en evidence de deux malate
synthases chez Escherichia coli. Biochim. Bio-
phys. Acta 99:246-258.

40. FLAVELL, R. B. 1965. Glyoxylate cycle mutants in
Neurospora. Neurospora Newsletter 8:4.

41. FLAVIN, M., H. CASTRO-MENDOZA, AND W. S.

BECK. 1956. Enzymatic conversion of propio-
nate to succinate. Federation Proc. 15:252-253.

42. FLAVIN, M., H. CASTRO-MENDOZA, AND S.

OCHOA. 1957. Metabolism of propionic acid
in animal tissues. II. Propionyl coenzyme A
carboxylation system. J. Biol. Chem. 229:981-
996.

43. FLAVIN, M., AND S. OCHOA. 1957. Metabolism
of propionic acid in animal tissues. I. Enzy-
matic conversion of propionate to succinate.
J. Biol. Chem. 229:965-979.

44. FLAVIN, M., P. G. ORTIZ, AND S. OCHOA. 1955.
Metabolism of propionic acid in animal
tissues. Nature 176:823-826.

45. FRANKE, W., AND G. JILGE. 1961. Enzymatic
transformations of C2 acids by microorgan-
isms. II. Glyoxylate-a-ketoglutarate condens-
ing enzyme from Aspergillus niger. Arch.
Mikrobiol. 39:88-94.

46. FURMANSKI, P., W. S. WEGENER, H. C. REEVES,
AMD S. J. AmL. 1967. Function of the glyoxylate
condensing enzymes. I. Growth of Escherichia
coli on n-valeric acid. J. Bacteriol. 94:1075-
1081.

47. GANGULI, N. C., AND K. CHAKRAVERTY. 1961.
Evidence for malic synthetase in animal
tissues. J. Am. Chem. Soc. 81:2581-2583.

48. GIBBS, R. G., AND J. G. MORRIS. 1964. Assay and
properties of ,B-hydroxyaspartate aldolase from
Micrococcus denitrificans. Biochim. Biophys.
Acta 85:501-503.

49. GIBBS, R. G., AND J. G. MORRIS. 1964. Properties
of erythro-j3-hydroxy-aspartate dehydratase.
Biochem. J. 92:54P.

50. GIovANELLI, J., AND P. K. STUMPF. 1957. A new

pathway for propionate oxidation. J. Am.
Chem. Soc. 79:2652-2653.

51. GIoVANELLI, J., AND P. K. STUMPF. 1958. Fat
metabolism in higher plants. X. Modified

#-oxidation of propionate by peanut mito-
chondria. J. Biol. Chem. 231:411-426.

52. GOLDFINE, H., AND E. R. STADTMAN. 1960.
Propionic acid metabolism. V. The conversion
of ,B-alanine to propionic acid by cell-free ex-
tracts of Clostridiun propionicwn. J. Biol.
Chem. 235:2238-2245.

53. GOLDMAN, D. S., AND M. J. WAGNER. 1962.
Enzyme systems in the Mycobacteria. XIII.
Glycine dehydrogenase and the glyoxylic acid
cycle. Biochim. Biophys. Acta 65:297-306.

54. GOLDSTONE, A., AND E. ADAMS. 1962. Metabo-
lism of a-hydroxyglutamic acid. 1. Conversion
to a-hydroxy-y-ketoglutarate by purified glu-
tamic-aspartic transaminase of rat liver. J.
Biol. Chem. 237:3476-3485.

55. GOULDING, K. H., AND M. J. MERRErr. 1966.
The photometabolism of acetate by Chlorella
pyrenoidosa. J. Exptl. Bot. 17:678-689.

56. GRoSS, S. R., R. 0. BURNS, AND H. E. UMBARGER.
1963. The biosynthesis of leucine. II. The en-

zymatic isomerization of,-carboxy-,B-hydroxy-
isocaproate and a-hydroxy-fl-carboxyisocapro-
ate. Biochemistry 2:1046-1052.

57. GUPTA, N. K., AND B. VENNESLAND. 1964. Gly-
oxylic carboligase of Escherichia coli: a flavo-
protein. J. Biol. Chem. 239:3787-3789.

58. GuPTA, N. K., AND B. VENNESLAND. 1966. Gly-
oxylate carboligase of Escherichia coli: some
properties of the enzyme. Arch. Biochem. Bio-
phys. 113:255-264.

59. GUYMON, J. F., J. L. INGRAHAM, AND E. A.
CROWELL. 1961. The formation of n-propyl
alcohol by Saccharomyces cerevisiae. Arch.
Biochem. Biophys. 95:163-168.

60. HAIGH, W. G., AND H. BEEVERS. 1964. The occur-
rence and assay of isocitrate lyase in algae.
Arch. Biochem. Biophys. 107:147-151.

61. HALENZ, D. R., J. Y. FENG, C. S. HEGRE, AND
M. D. LANE. 1962. Some enzymic properties of
mitochondrial propionyl carboxylase. J. Biol.
Chem. 237:2140-2147.

62. HARROP, L. C., AND H. L. KORNBERG. 1963.
Enzymes of the glyoxylate cycle in Chloreila
vulgaris. Proc. Biochem. Soc. 88:42P.

63. HARROP, L. C., AND H. L. KORNBERG. 1966. The
role of isocitrate lyase in the metabolism of
algae. Proc. Roy. Soc. (London) Ser. B 166:
11-29.

64. HOcK, B., AND H. BEEVERS. 1966. Development
and decline of the glyoxylate-cycle enzymes
in watermelon seedlings (Citrullus vulgaris).
Effects of d-actinomycin and cycloheximide. Z.
Pflanzenphysiol. 55:405-415.

65. HoGG, J. F., AND H. L. KORNBERG. 1963. The
metabolism of Q-compounds in micro-orga-
nisms. 9. Role of the glyoxylate cycle in pro-
tozoal glyconeogenesis. Biochem. J. 86:462-
468.

66. IMAI, K., H. C. REEVES, AND S. J. AJL. 1963.

21



WEGENER ET AL.

n-Propylmalate synthetase. J. Biol. Chem. 238:
3193-3198.

67. IMAI, K., H. C. REEVES, R. RABIN, AND S. J. AJL.
1964. Synthesis and breakdown of n-propyl-
malic acid. Biochim. Biophys. Acta 81:367-
376.

68. INGRAHAM, J. L., AND J. F. GUYMON. 1960. The
formation of higher aliphatic alcohols by
mutant strains of Saccharomyces cerevisiae.
Arch. Biochem. Biophys. 88:157-166.

69. INGRAHAM, J. L., J. F. GUYMON, AND E. A.
CROWELL. 1961. The pathway of formation of
n-butyl and n-amyl alcohols by a mutant
strain of Saccharomyces cerevisiae. Arch. Bio-
chem. Biophys. 95:169-175.

70. JACKSON, E. K., AND H. J. EVANS. 1966. Propio-
nate in heme biosynthesis in soybean nodules.
Plant Physiol. 41:1673-1680.

71. JAENICKE, L., AND J. KOCH. 1962. Zum mecha-
nismus der carboligase-reaktion: Hydroxy-
methyl-thiaminpyrophosphat, ein neues ak-
tives Kohlen Stofffragment. Biochem. Z. 336:
432-443.

72. JOHN, P. C. L., AND P. J. SYRETr. 1965. The de-
velopment of isocitrate lyase in Chlorella vul-
garis demonstrated by acrylamide gel electro-
phoresis. Proc. Biochem. Soc. 95:49P.

73. JOHNSON, G. V., H. J. EVANS, AND T. M. CHING.
1966. Enzymes of the glyoxylate cycle in
Rhizobia and nodules of legumes. Plant
Physiol. 41:1330-1336.

74. JUNGWIRTH, C., S. R. GROSS, P. MARGOLIN, AND
H. E. UMBARGER. 1963. The biosynthesis of
leucine. I. The accumulation of 8-carboxy-,6-
hydroxy-isocaproate by leucine auxotrophs of
Salmonella typhimurium and Neurospora
crassa. Biochemistry 2:1-6.

75. KAROW, H., AND H. MOHR. 1967. Changes of ac-
tivity of isocitratase during photomorpho-
genesis in mustard seedlings (Sinapis alba).
Planta 72:170-186.

76. KAWASKI, H., M. OKUYAMA, AND G. KIKUCHI.
1966. a-Ketoglutarate dependent oxidation of
glyoxylic acid in rat liver mitochondria. J.
Biochem. (Tokyo) 59:419-421.

77. KAZIRO, Y., AND S. OCHOA. 1964. The metabo-
lism of propionic acid. Advan. Enzymol. 26:
283-378.

78. KINNORY, D. S., Y. TAKEDA, M. S. MOHAMED,
AND D. M. GREENBERG. 1955. Metabolism of
DL-norvaline-3-C14. Arch. Biochem. Biophys.
55:446-454.

79. KLEINZELLER, A. 1943. Oxidation of acetic acid
in animal tissue. Biochem. J. 37:674-677.

80. KOBR, M. J., G. TURIAN, AND E. J. ZIMMERMAN.
1965. Changes in enzymes regulating iso-
citrate breakdown in Neurospora crassa. Arch.
Mikrobiol. 52:169-177.

81. KOCH, J., AND E. L. R. STOKSTAD. 1966. Partial
purification of a 2-oxo-glutarate:glyoxylate
carboligase from rat liver mitochonrdia. Bio-
chem. Biophys. Res. Commun. 23:585-591.

82. KOCH, J., E. L. STOKSTAD, H. E. WILLIAMS, AND
L. H. SMITH. 1967. Deficiency of 2-oxo-
glutarate: glyoxylate carboligase activity in pri-

mary hyperoxaluria. Proc. Natl. Acad. Sci.
U.S. 57:1123-1129.

83. KOHLHAW, G., B. DEUS, AND H. HOLZER. 1965.
Enzymatic preparation, structure, and proper-
ties of thiamine pyrophosphate-activated
formaldehyde. J. Biol. Chem. 240:2135-2141.

84. KOLODZIEJ, B. J., W. S. WEGENER, AND S. J. A1L.
1968. Propionate metabolism. IV. Significance
of carboxylation reactions during adaptation
to propionate. Arch. Biochem. Biophys. 123:
66-71.

85. KORNBERG, H. L. 1959. Aspects of terminal
respiration in microorganisms. Ann. Rev. Mi-
crobiol. 13:49-78.

86. KORNBERG, H. L. 1961. Selective utilization of
metabolic routes by Escherichia coli. Cold
Spring Harbor Symp. Quant. Biol. 26:257-
260.

87. KORNBERG, H. L. 1963. The role of acetate in
isocitrate lyase induction. Biochim. Biophys.
Acta 73:517-519.

88. KORNBERG, H. L. 1965. Anapleurotic sequences
in microbial metabolism. Angew. Chem. In-
tern. Ed. Engl. 4:558-565.

89. KORNBERG, H. L. 1965. Control of biosynthesis
from C2 compounds, p. 193-208. In Regula-
tions chez les microorganisms. Centre Na-
tional de la Recherche Scientifique, Paris.

90. KORNBERG, H. L. 1965. The co-ordination of
metabolic routes. Symp. Soc. Gen. Microbiol.
15:8-31.

91. KORNBERG, H. L. 1966. The role and control of
the glyoxylate cycle in Escherichia coli. Bio-
chem. J. 99:1-11.

92. KORNBERG, H. L. 1966. Anapleurotic sequences
and their role in metabolism, p. 1-31. In P. N.
Campbell and G. D. Greville [ed.], Essays in
Biochemistry, vol. 2. Academic Press, Inc.,
New York.

93. KORNBERG, H. L., J. DENNIS, AND E. M. WILSON.
1964. Regulation of isocitrate lyase synthesis
by Achromobacter d-15. Biochem. J. 92:55-
56P.

94. KORNBERG, H. L., AND S. R. ELSDEN. 1961. The
metabolism of 2-carbon compounds by micro-
organisms. Advan. Enzymol. 23:401-470.

95. KORNBERG, H. L., AND A. M. Gorro. 1959. Bio-
synthesis of cell constituents from C2-com-
pounds. Nature 183:1791-1793.

96. KORNBERG, H. L., AND A. M. GoTro. 1961. The
metabolism of C2 compounds in microorgan-
isms. 6. Synthesis of cell constituents from
glycollate by Pseudomonas sp. Biochem. J.
78:69-82.

97. KORNBERG, H. L., AND H. A. KREBS. 1957.
Synthesis of cell constituents from C2-units by
a modified tricarboxylic acid cycle. Nature
179:988-991.

98. KORNBERG, H. L., AND J. G. MORRIS. 1962. The
influence of growth substrates on oxalacetate
formation from ,8-hydroxyaspartate by Micro-
coccus denitrificans. Biochim. Biophys. Acta
65:378-380.

99. KORNBERG, H. L., AND J. G. MORRIS. 1962.
Enzymic formation of oxaloacetate from

22 BACTERIOL. REV.



VOL. 32, 1968 METABOLIC PATHWAYS OF SHORT-CHAIN FATTY ACIDS

erythro fl-hydroxyaspartate. Biochim. Biophys.
Acta 65:537-540.

100. KORNBERG, H. L., AND J. G. MORRIS. 1963.
,3-Hydroxyaspartate pathway: a new route for
biosynthesis from glyoxylate. Nature 197:456-
457.

101. KORNBERG, H. L., AND J. G. MORRIS. 1965. The
utilization of glycollate by Micrococcus
denitrificans: the ,f-hydroxyaspartate pathway.
Biochem. J. 95:577-586.

102. KORNBERG, H. L., AND J. SMITH. 1966. Tempera-
ture-sensitive synthesis of isocitrate lyase in
Escherichia coli. Biochim. Biophys. Acta 123:
654-657.

103. KNIGHT, M. 1962. The photometabolism of
propionate by Rhodospirillum rubrum. Bio-
chem. J. 84:170-185.

104. KRAKOW, G., AND S. S. BARKULIS. 1956. Con-
version of glyoxylate to hydroxypyruvate by
extracts of Escherichia coli. Biochim. Biophys.
Acta 21:593.

105. KRAKOW, G., S. S. BARKULIS, AND J. A. HAYASHI.
1961. Glyocylic acid carboligase: an enzyme
present in glycolate-grown Escherichia coli. J.
Bacteriol. 81:509-518.

106. KRAKOW, G., J. A. HAYASHI, AND S. S. BARKULIS.
1959. Tartronic semialdehyde: initial product
of a glyoxylic acid-utilizing reaction in ex-
tracts of Escherichia coli. Federation Proc.
18:265.

107. KRAKOW, G., S. UDAKA, AND B. VENNESLAND.
1962. The stereochemistry of the reaction
catalyzed by D-glyceric-3-dehydrogenase. Bio-
chemistry 1:254-258.

108. KRAMPrrZ, L. 0. 1961. Cyclic mechanisms of
terminal oxidation, p. 209-256. In I. C.
Gunsalus and R. Y. Stanier [ed.], The bac-
teria, vol. 2. Academic Press, Inc., New York.

109. KREBS, H. A., AND J. M. LOWENSTEIN. 1960.
The tricarboxylic acid cycle, p. 129-203. In
D. M. Greenberg [ed.], Metabolic pathways,
vol. 1. Academic Press, Inc., New York.

110. KURATOMI, K., AND K. FUKUNAGA. 1960. A new
enzymic reaction concerned in the metabolism
of y-hydroxyglutamic acid. Biochim. Biophys.
Acta 43:562-563.

111. KuRAToMI, K., AND K. FUKUNAGA. 1963. The
metabolism of y-hydroxyglutamate in rat
liver. 1. Enzymatic synthesis of -y-hydroxy-a-
ketoglutarate from pyruvate and glyoxylate.
Biochim. Biophys. Acta 78: 617-628.

112. KURATOMI, K., K. FUKUNAGA, AND Y. Ko-
BAYASHI. 1963. The metabolism of 7-hydroxy-
glutamate in rat liver. II. A transaminase con-
cerned in -y-hydroxyglutamate metabolism.
Biochim. Biophys. Acta 78:629-636.

113. LADD, J. N. 1959. The fermentation of lactic
acid by a gram-negative coccus. Biochem. J.
71:16-22.

114. LADD, J. N., AND D. J. WALKER. 1959. The fer-
mentation of lactate and acrylate by the
rumen microorganism LC. Biochem. J. 71:
364-373.

115. LATIES, G. G. 1967. The inhibition of citrate,

isocitrate, and a-keto-glutarate oxidation in
aged potato slices by y-hydroxy-a-keto-glu-
tarate. Phytochemistry 6:181-185.

116. LEAVER, F. W., H. G. WOOD, AND R. STJERN-
HOLM. 1955. The fermentation of three carbon
substrates by Clostridium propionicum and
Propionibacterium. J. Bacteriol. 70:521-530.

117. LEVY, M. R. 1967. Interaction of acetate, glu-
cose and growth conditions on glyconeo-
genesis and isocitrate lyase activity in Tetra-
hymena. Comp. Biochem. Physiol. 21:291-298.

118. LLOYD, D. 1966. Level of vitamin B12 in propio-
nate-grown Prototheca zopfii. Nature 211:765.

119. LLOYD, D., AND A. G. CALLELY. 1965. The as-
similation of acetate and propionate by
Prototheca zopfii. Biochem. J. 97:176-179.

120. LURIA, S. E., AND M. DELBRUCK. 1943. Mutation
of bacteria from virus sensitivity to virus re-
sistance. Genetics 28:491-511.

121. MAHLER, H. R., AND F. M. HUENNEKENS. 1953.
The pathway of propionate oxidation. Bio-
chim. Biophys. Acta 11:575-583.

122. MAITRA, U., AND E. E. DEKKER. 1963. Enzymatic
steps in the conversion of y-hydroxyglutamate
to glyoxylate and alanine. J. Biol. Chem. 238:
3660-3669.

123. MAITRA, U., AND E. E. DEKKER. 1964. Purifica-
tion and properties of rat liver 2-keto-4-hy-
droxyglutarate aldolase. J. Biol. Chem. 239:
1485-1491.

124. MARCUS, A., AND J. VELAsco. 1960. Enzymes of
the glyoxylate cycle in germinating peanuts
and castor beans. J. Biol. Chem. 235:563-567.

125. MAZUMDER, R., T. SASAKAWA, AND S. OCHOA.
1963. Metabolism of propionic acid in animal
tissues. X. Methylmalonyl coenzyme A mutase
holoenzyme. J. Biol. Chem. 238:50-53.

126. MCFADDEN, B. A., AND W. V. Howrs. 1962. Iso-
citrate lyase and malate synthase in Hy-
drogenomonas facilis. J. Biol. Chem. 237:1410-
1412.

127. MCFADDEN, B. A., AND W. V. HowEs. 1962.
Oxidative metabolism and the glyoxylate cycle
in Pseudomonas indigofera. J. Bacteriol. 84:
72-76.

128. MEGRAW, R. E., AND R. J. BEERS. 1964. Gly-
oxylate metabolism in growth and sporulation
of Bacillus cereus. J. Bacteriol. 87:1087-1093.

129. MEGRAW, R. E., H. C. REEVFs, AND S. J. AJL.
1965. Formation of lactyl-coenzyme A and
pyruvyl-coenzyme A from lactic acid by
Escherichia coli. J. Bacteriol. 90:984-988.

130. MEISTER, A. 1952. Utilization and transamina-
tion of the stereoisomers and keto analogues
of isoleucine. J. Biol. Chem. 195:813-826.

131. METZLER, D. E., J. B. LONGENECKER, AND E. E.
SNEnLu. 1954. The reversible catalytic cleavage
of hydroxamino acids by pyridoxal and metal
salts. J. Am. Chem. Soc. 76:639-644.

132. MORIYAMA, T., AND G. YuI. 1966. Glyoxylic acid
metabolism in Mycobacterium takeo: forma-
tion of 5-hydroxylaevulinic acid, a new re-
action product. Biken's J. 9:263-282.

133. MORRIS, I., AND P. J. SYREzr. 1965. The effect of

23



WEGENER ET AL.

nitrogen starvation on the activity of nitrate
reductase and other enzymes in Chlorella. J.
Gen. Microbiol. 38:21-28.

134. MORTLOCK, R. R., AND S. R. WOLFE. 1959. Re-
versal of pyruvate oxidation in Clostridium
butyricum. J. Biol. Chem. 234:1657-1658.

135. NAKADA, H. I., AND L. P. SUND. 1958. Glyoxylic
acid oxidation by rat liver. J. Biol. Chem. 233:
8-13.

136. OAKS, A., AND H. BEEVERS. 1964. The glyoxylate
cycle in maize scutellum. Plant Physiol. 39:
431-434.

137. OKUYAMA. M., S. TsuIKI, AND G. KIKUCHI. 1965.
a-Ketoglutarate-dependent oxidation of gly-
oxylic acid catalyzed by enzymes from Rhodo-
pseudomonas spheroides. Biochim. Biophys.
Acta 110:66-80.

138. OLSON, J. A. 1954. The d-isocitric lyase system:
the formation of glyoxylic and succinic acids
from d-isocitric acid. Nature 194:695-697.

139. PAYES, B., AND G. G. LATIES. 1963. The inhibition
of several tricarboxylic acid cycle enzymes by
y-hydroxy-a-ketoglutarate. Biochem. Biophys.
Res. Commun. 10:460-466.

140. PAYES, B., AND G. G. LATIES. 1963. The enzy-

matic conversion of -y-hydroxy-a-ketoglutarate
to malate. Biochem. Biophys. Res. Commun.
13:179-185.

141. RABIN, R., AND S. J. Am. 1965. Enzymic hydra-
tion of ethylfumaryl-CoA by Pseudomonas
aeruginosa. Biochim. Biophys. Acta 97:388-
391.

142. RABIN, R., H. C. REEVES, AND S. J. Am. 1963.
,1-Ethylmalate synthetase. J. Bacteriol. 86:937-
944.

143. RABIN, R., H. C. REEvES, W. S. WEGENER, R. E.
MEGRAW, AND S. J. AmL. 1965. Glyoxylate in
fatty-acid metabolism. Science 150:1548-
1558.

144. RABIN, R., I. I. SALAMON, A. S. BLEIWEIS, AND
S. J. AJL. 1968. Metabolism of O3-ethylmalic
acid by Pseudomonas aeruginosa. Biochemistry
7:377-388.

145. RAO, G. R., AND B. A. McFADDEN. 1965. Iso-
citrate lyase from Pseudomonas indigofera.
IV. Specificity and inhibition. Arch. Biochem.
Biophys. 112:294-303.

146. REEVES, H. C., AD S. AJL. 1960. Occurrence and
function of isocitritase and malate synthetase
in bacteria. J. Bacteriol. 79:341-345.

147. REEVES, H. C., AND S. J. AmL. 1962. Function of
malate synthetase and isocitritase in the
growth of bacteria on two-carbon compounds.
J. Bacteriol. 83:597-601.

148. REEVES, H. C., AND S. J. AmL. 1962. Alpha-hy-
droxyglutaric acid synthetase. J. Bacteriol. 84:
186-187.

149. REEVES, H. C., AND S. J. AmL. 1963. Enzymatic
formation of lactate and acetate from a-hy-
droxyglutarate. Biochem. Biophys. Res. Com-
mun. 12:132-136.

150. REEVES, H. C., AND S. J. Am. 1965. Enzymatic
synthesis and metabolism of hydroxypyruvic
aldehyde. J. Biol. Chem. 240:569-573.

151. REEVES, H. C., S. KADIS, AND S. J. AJL. 1962.
Enzymes of the glyoxylate by-pass in Euglena
gracilis. Biochim. Biophys. Acta 57:403-404.

152. REEVES, H., M. PAPA, G. SEAMEN, AND S. Am.
1961. Malate synthetase and isocitritase in
Tetrahymena pyriformis. J. Bacteriol. 81:154-
155.

153. REEVES, H. C., R. RABIN, W. S. WEGENER, AND
S. J. AJL. 1967. Fatty acid synthesis and me-
tabolism in microorganisms. Ann. Rev. Micro-
biol. 21:225-256.

154. REEVES, H. C., W. J. STAHL, AND S. J. AJL. 1963.
a-Hydroxyglutarate: product of an enzymatic
beta-condensation between glyoxylate and
propionyl-coenzyme A. J. Bacteriol. 86:1352-
1353.

155. REEVES, H. C., C. URBANO, AND S. J. AJL. 1965.
Enzymatic formation of succinate from cz-hy-
droxyglutarate. Bacteriol. Proc., p. 85.

156. RENDINA, G., AND M. J. COON. 1957. Enzymatic
hydrolysis of the coenzyme A thiol esters of
f-hydroxypropionic and fl-hydroxyiosbutyric
acids. J. Biol. Chem. 225:523-534.

157. RmTEY, J., U. Coy, AND F. LYNEN. 1966. On the
mechanism of the coenzyme B12 dependent iso-
merization of (R)-methylmalonyl CoA to suc-
cinyl CoA. Biochem. Biophys. Res. Commun.
22:274-277.

158. RmTEY, J., AND F. LYNEN. 1964. The absolute
configuration of methylmalonyl-CoA. Bio-
chem. Biophys. Res. Commun. 16:358-361.

159. RICHARDS, S. A., AND D. LLOYD. 1966. The
growth of Aspergillus glaucus sp. on propio-
nate. Biochem. J. 99:56P.

160. ROCKWOOD, S. W., E. J. BELL, AND H. C.
REEVES. 1963. Isocitratase levels of members
of the tribe Mimeae. J. Bacteriol. 85:945-946.

161. ROMANO, A. H., M. M. BRIGHT, AND W. E.
SCOTT. 1967. Mechanism of fumaric acid ac-
cumulation in Rhizopus nigricans. J. Bacteriol.
93:600-604.

162. ROSENBERGER, R. F. 1962. An induction-like
effect of acetate on the synthesis of isocitrate
lyase. Biochim. Biophys. Acta 64:168-170.

163. ROTHSTEIN, M., AND H. MAYOH. 1964. Nematode
biochemistry. IV. On isocitrate lyase in
Caenorhabditis briggsae. Arch. Biochem. Bio-
phys. 108:134-142.

164. ROTHSTEIN, M., AND H. MAYOH. 1965. Nematode
biochemistry. VII. Presence of isocitrate lyase
in Panagrellus redivivus, Turbatrix aceti, and
Rhabditus anomala. Comp. Biochem. Physiol.
16:361-365.

165. ROTHSTEIN, M., AND H. MAYOH. 1966. Nematode
biochemistry. VIII. Malate synthetase. Comp.
Biochem. Physiol. 17:1181-1188.

166. RuFFo, A. 1967. Reactivite du glyoxylate et regu-
lation du cycle citrique dans les tissues ani-
maux. Bull. Soc. Chim. Biol. 49:461-476.

167. RUFFo, A., A. ADINOLFI, G. BuDILLON, AND G.
CAPOBIANCO. 1962. Control of the citric acid
cycle by glyoxylate. 2. Mechanism of the in-
hibition of respiration in liver and kidney
particals. Biochem. J. 85:593-600.

24 BACTERIOL. REV.



VOL. 32, 1968 METABOLIC PATHWAYS OF SHORT-CHAIN FATTY ACIDS

168. Rumso, A., A. ADINOLFI, AND M. Romo. 1962.
Inhibitory effect of glyoxylate on the acetyl
transfer in pigeon liver. Biochem. J. 84:83.

169. RuFFo, A., M. MALCOVATI, AND A. ArDNouq.
1965. Control of the citric acid cycle by gly-
oxylate in rat-liver mitochondria, p. 518-524.
In J. M. Tager, J. M. Papa, S. Quagliaviello,
and E. C. Slater [ed.], Regulation of metabolic
processes in mitochondria. B.B.A. Library,
vol. 7. Elsevier Publishing Co., Amsterdam.

170. Rumso, A., M. ROMAN, AmD A. ADINOLFI. 1959.
Inhibition of aconitase by glyoxylate plus
oxaloacetate. Biochem. J. 72:613-618.

171. RuFFo, A., E. T)rrA, A. ADINOLFI, AND G.
PELIZZA. 1962. Control of the citric acid cycle
by glyoxylate. 1. A new inhibitor of aconitase
formed by the condensation of glyoxylate
with oxalacetate. Biochem. J. 85:588-593.

172. RUFFO, A., E. TEsrA, A. ADINOLFI, G. PELIZZA,
AN) R. MoRATrn. 1967. Control of the citric
acid cycle by glyoxylate: mechanism of the in-
hibition by oxalomalate and y-hydroxy-a-
oxoglutarate. Biochem. J. 103:19-23.

173. SAZ, H. J. 1954. The enzymatic formation of
glyoxylate and succinate from tricarboxylic
acids. Biochem. J. 58:xx-xxi.

174. SEKiZAWA, Y., M. E. MARAGOUDAKIS, T. E.
KING, AND V. H. CHLDELIN. 1966. Glutamate
biosynthesis in an organism lacking a krebs
tricarboxylic acid cycle. V. Isolation of a-hy-
droxy-y-ketoglutarate (HKG) in Acetobacter
suboxydans. Biochemistry 5:2392-2398.

175. SINHA, S. K., AN) E. A. CossmNS. 1965. The im-
portance ofglyoxylate in amino acid biosynthe-
sis in plants. Biochem. J. 96:254-261.

176. SINHA, S. K., AND E. A. CossiNs. 1965. Pathways
for the metabolism of glyoxylate and acetate in
germinating fatty seeds. Can. J. Biochem. 43:
1531-1541.

177. SJOGREN, R. E., AND A. H. ROMANO. 1967. Evi-
dence for multiple forms of isocitrate lyase in
Neurospora crassa. J. Bacteriol. 93:1638-1643.

178. SMITH, J., Am H. L. KORNBERG. 1967. The
utilization of propionate by Micrococcus
denitrificans. J. Gen. Microbiol. 47:175-180.

179. SMITH, R. A., AND I. C. GuNSALus. 1954. Iso-
citritase: a new tricarboxylic acid cleavage
system. J. Am. Chem. Soc. 76:5002-5003.

180. SOKATCH, J. R. 1966. Alanine and aspartate
formation during growth on valine-C" by
Pseudomonas aeruginosa. J. Bacteriol. 92:
72-75.

181. SPRECHNER, M., M. J. CLARK, AND D. B.
SPRINSON. 1964. The absolute configuration of
methylmalonyl CoA and stereochemistry of
the methylmalonyl CoA mutase reaction. Bio-
chem. Biophys. Res. Commun. 15:581-587.

182. STADTMAN, E. R. 1955. Fermentations de l'acids
propionique. Bull. Soc. Chim. Biol. 37:931-
938.

183. STADTMAN, E. R. 1955. The enzymatic synthesis
of j3-alanyl coenzyme A. J. Am. Chem. Soc.
77:5765-5766.

184. STADTMAN, E. R., P. OVERATH, H. EGGERE, AM

F. LYNEN. 1960. The role of biotin and vitamin
B12 coenzyme in propionate metabolism. Bio-
chem. Biophys. Res. Commun. 2:1-7.

185. STEWART, P. R., AND J. R. QUAYLE. 1967. The
synergistic decarboxylation of glyoxylate and
2-oxoglutarate by an enzyme system from pig-
liver mitochondria. Biochem. J. 102:885-897.

186. STERNHOLM, R., R. E. NOBLE, AND D. KOCH-
WESER. 1962. Formation of methylmalonyl-
CoA and succinyl-CoA by extracts of Myco-
bacterium smegmatis. Biochim. Biophys. Acta
64:174-177.

187. STRAssMAN, M., AND L. N. CiEa. 1963. Enzy-
matic formation of a-isopropylmalic acid, an
intermediate in leucine biosynthesis. J. Biol.
Chem. 238:2445-2452.

188. STRASSMAN, M., L. N. CECI, AND B. E. SILVER-
MAN. 1964. Acetyl-CoA condensation with
a-keto acids. Federation Proc. 23:312.

189. SwicK, R. W., AND H. G. WooD. 1960. The role
of transcarboxylation in propionic acid fer-
mentation. Biochemistry 46:28-41.

190. SYRETr, P. J. 1966. The kinetics of isocitrate
lyase formation in Chlorella: evidence for the
promotion of enzyme synthesis by photophos-
phorylation. J. Exptl. Botany 17:641-654.

191. TEz, A., AND S. OCHOA. 1959. Metabolism of
propionic acid in animal tissues. V. Purifi-
cation and properties ofpropionyl carboxylase.
J. Biol. Chem. 234:1394-1400.

192. TOMLINsON, N. 1954. Carbon dioxide and acetate
utilization by Clostridium kluyveri. II. Synthe-
sis of amino acids. J. Biol. Chem. 209:597-603.

193. TOMLINSON, N. 1954. Carbon dioxide and acetate
utilization by Clostridium kluyveri. Ill. A new
path of glutamic acid biosynthesis. J. Biol.
Chem. 209:605-609.

194. TOMLuNSON, N., AND H. A. BARKE. 1954. Carbon
dioxide and acetate utilization by Clostridium
kluyveri. I. Influence of nutritional conditions
on utilization patterns. J. Biol. Chem. 209:
585-595.

195. TRoP, M., AND A. PINSKY. 1966. a-Hydroxy-
glutarate synthetase in Escherichia coli. Israel
J. Chem. 4:89.

196. TRJPER, G. H. 1965. Tricarboxylic acid cycle and
related enzymes in Hydrogenomonas strain
H16G+ grown on various carbon sources. Bio-
chim. Biophys. Acta 111:565-568.

197. TURIAN, G., AND M. KOBR. 1965. Isocitrate lyase
from Neurospora crassa. Biochim. Biophys.
Acta 99:178-180.

198. VAGELOS, P. R. 1960. Propionic acid metabolism.
IV. Synthesis of malonyl coenzyme A. J. Biol.
Chem. 235:346-350.

199. VAGELOS, P. R., J. M. EARL, AND E. R. STADT-
MAN. 1959. Propionic acid metabolism. I. The
purification and properties of acrylyl coenzyme
A aminase. J. Biol. Chem.-234:490-497.

200. VAGELOS, P. R., J. M. EARL, AND E. R. STADT-
MAN. 1959. Propionic acid metabolism. II. En-
zymatic synthesis of lactyl pantetheine. J.
Biol. Chem. 234:765-769.

201. VAGELOS, P. R., AND J. M. EARL. 1959. Propionic

25



WEGENER ET AL.

acid metabolism. III. fl-Hydroxypropionyl co-
enzyme A and malonyl semialdehyde coenzyme
A, intermediates in propionate oxidation by
Clostridium kluyveri. J. Biol. Chem. 234:2272-
2280.

202. VALENTINE, R. C., H. DRUCKER, AND R. S.
WOLFE. 1964. Glyoxylate fermentation by
Streptococcus allantoicus. J. Bacteriol. 87:241-
246.

203. VANDERWINKEL, E., P. LUARD., F. RAMOS, AND
J. M. WImE. 1963. Genetic control of the
regulation of isocitritase and malate synthase
in Escherichia coli K-12. Biochem. Biophys.
Res. Commun. 12:157-162.

204. VANDERWINKEL, E., F. RAMOS, L. KOCKAERT,
AND J. M. WIAME. 1962. Mutation affectant la
regulation du cycle glyoxylique chez Escher-
ichia coli K-12. Arch. Intern. Physiol. Biochim.
70:763-765.

205. VANDERWINKEL, E., AND J. M. WIAME. 1965.
Demonstration of two malic syntheses in
Escherichia coli. Biochim. Biophys. Acta 99:
246-258.

206. WEBB, A. D., AND J. L. INGRAHAM. 1963. Fusel
oil. Advan. Appl. Microbiol. 5:317-353.

207. WEBSTER, R. E., AND S. R. GROSS. 1965. The
a-isopropylmalate synthetase of Neurospora.
I. The kinetics and end product control of
a-isopropyl-malate synthetase function. Bio-
chemistry 4:2309-2318.

208. WEGENER, W. S., AND S. J. AJL. 1968. Propionate
metabolism. V. Studies on the significance of
isocitrate lyase during growth on propionate.
Arch. Biochem. Biophys. (to be published).

209. WEGENER, W. S., P. FURMANSKI, AND S. J. AJL.
1967. Selection of mutants constitutive for
several glyoxylate condensing enzymes during
growth on valeric acid. Biochim. Biophys.
Acta 144:34-60.

210. WEGENER, W. S., H. C. REEVES, AND S. J. Am.
1965. An isotopic method for assaying the
condensation of glyoxylate with acetyl-CoA
and other short-chain fatty acid acyl-CoA
derivatives. Anal. Biochem. 11:111-120.

211. WEGENER, W. S. , H. C. REEVES, AND S. J. Am.
1965. Heterogeneity of the glyoxylate-condens-
ing enzymes. J. Bacteriol. 90:594-598.

212. WEGENER, W. S., H. C. REEVES, AND S. J. Am.
1967. Propionate oxidation in Escherichia coli.
Arch. Biochem. Biophys. 121:440-442.

213. WEGENER, W. S., H. C. REEVES, AND S. J. AJL.
1968. Propionate metabolism. II. Factors regu-

lating adaptation of Escherichia coli. Arch.
Biochem. Biophys. 123:55-61.

214. WEGENER, W. S., H. C. REEVES, AND S. J. AmL.
1968. Propionate metabolism. III. Studies
on the significance of the a-hydroxyglutarate
pathway. Arch. Biochem. Biophys. 122:62-65.

215. WEGENER, W. S., H. C. REEVES, AND S. J. AmL.
1967. Propionate metabolism in E. coil.
Bacteriol. Proc., p. 133.

216. WEGENER, W. S., AND A. H. ROMANO. 1963.
Zinc stimulation of RNA and protein syn-
thesis in Rhizopus nigricans. Science 142:
1669-1670.

217. WEGENER, W. S., AND A. H. ROMANO. 1964.
Control of isocitratase formation in Rhizopus
nigricans. J. Bacteriol. 87:156-161.

218. WEGENER, W. S., J. E. SCHELL, AND A. H.
ROMANO. 1967. Control of malate synthase
formation in Rhizopus nigricans. J. Bacteriol.
94:1951-1956.

219. WHITELEY, H. R., AND N. G. MCCORMICK. 1963.
Degradation of pyruvate by Micrococcus
lactilyticus. III. Properties and cofactor re-
quirements of the carbon dioxide-exchange
reaction. J. Bacteriol. 85:382-393.

220. WILLIAMS, J., R. L. TODD, AND W. J. PAYNE.
1963. Isocitrate lyase in an alginolytic bac-
terium. Can. J. Microbiol. 9:549-553.

221. WONG, D. T. O., AND S. J. Am. 1956. Conversion
of acetate and glyoxylate to malate. J. Am.
Chem. Soc. 78:3230.

222. WOOD, H. G., AND R. STJERNHOLM. 1961.
Transcarboxylase. II. Purification and prop-
erties of methylmalonyl-oxaloacetic trans-
carboxylase. Proc. Natl. Acad. Sci. U.S.
47:289-303.

223. WOOD, H. G., AND M. F. UrrER. 1966. The
role of CO2 fixation in metabolism, p. 1-27.
In P. N. Campbell and G. D. Greville [ed.j,
Essays in biochemistry, vol. 1. Academic
Press, Inc., New York.

224. WRIGHT, B. 1956. The effect of alpha hydroxy
acids on reversion of a glycineless E. coli
mutant. Compt. Rend. Trav. Lab. Carlsberg
(Ser. Physiol.) 25:173-212.

225. YAMADA, E. W., AND W. B. JAKOBY. 1960.
Aldehyde oxidation. V. Direct conversion of
malonic semialdehyde to acetyl-coenzyme A.
J. Biol. Chem. 235:589-594.

226. YANO, I., AND M. KUSUNOSE. 1966. Propionate
incorporation into mycocerosic acid by rest-
ing cells of Mycobacteriwn tuberculosis bovis.
Biochim. Biophys. Acta 116:593-596.

26 BACTERIOL. REV.


